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AB8TRACT

Applicability of Monte-Carlo method for the texturai and microstructural changes during

annealing processes is studied. Models that are developed for explaining annealing

processes are incorporated into Monte-Carlo procedures and the texturai and

microstructural changes are then followed. The simulated results are compared with the

experimental observations to validate the proposed models. The three exemplary annealing

processes selected for the present work are industrially important and diversified in their

annealing characteristics. These are:

1. Cube {IOO}<OOl> texture development during recrystallization of Al!

II. Abnormal grain growth ofGoss {110}<OOl> grains in Fe-Si steels.

III. The competition between (111) and (1 OO)-fiber textures during anneaIing of

nanocrystalline Ni and Ni-Fe alloy electrodeposits.

The model for each annealing process is developed by analyzing the relevant metallurgical

information obtained from the corresponding metals and alloys prior to annealing.

In Application-l, the texture and orientation-dependent stored energy measurements have

been made on the cold rolled can-body aIuminum alloy and the detailed discussion is

presented. These results are anaIyzed for developing nucleation and growth models that

would lead to the final cube texture formation during primary recrystallization of

Aluminum. In order to overcome the complexity of the deformed microstructure, the

orientation and location of the nuclei are selected by conditions based on texture and scatter

in the measured orientation dependent stored energies in cold-rolled and stress-relieved

states. The rate of release of stored energy plays a major role in deciding the rate of

nuc1eation of new grains with different orientations. The developed growth model is based

on the grain boundary misorientation distributions in deciding the possible high rnobility

boundaries for the development of the final texture and microstructure. The proposed

recrystallization model for aluminum predicts the development of cube texture and

equiaxed grain structure as observed in experiments.
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For the abnormal grain growth in Fe-Si steel (Application-II}, the raie of high energy grain

boundaries has been studied in detail using separate computer experiments ta understand

the importance of fraction of high mobility grain boundaries. From these experiments, it

has been proved that the assumption of high mobility ta CSL boundaries for the abnormal

growth of Goss grains is not valid. The growth model that assumes high mobility ta high

energy (or random) boundaries is examined by these computer experiments and is then

incorporated ioto the Monte-Carlo procedure developed for the abnorrnal grain growth in

conventional Fe-3%Si steel. The Monte-Carlo procedure takes into account the effect of

Ostwald ripening of precipitate particles on the pinning of grain boundaries during

secondary recrystallization. The proposed model predicts the abnormal growth of Goss

grains.

Finally, the Monte-Carlo procedure is employed for testing the proposed model for the

texture competition between (Ill) and (IOO)-fibers in nanocrystalline Ni, Ni-20% Fe and

Ni-45% Fe electrodeposits (Application-III). Based on the texture analysis. the proposed

model assumes high mobility ta the grains boundaries. which are in high non-equilibrium

states. The pararneter. which specifies the deviation of energy of non-equilibrium

nanocrystalline grain boundaries from their more stable microcrystalline counterparts,

defines the mobility. As ohserved in experiments this assumption allows the (Ill )-fiber to

grow faster than (1 OO)-fiher during annealing. The results of the Monte-Carlo simulation

using the proposed model are compared with experiments. The simulated results show that

(1 1I)-fiber grows faster than (IOO)-fiber as annealing progresses.

11



• RÉSUMÉ

La possibilité d'appliquer de la méthode de Monte-Carlo pour les changements de texture

et microstructuraux pendant les procédés de recuit est étudiée. Des modèles qui sont

développés pour expliquer des procédés de recuit sont incorporés aux procédures de Monte

Carlo et les changements de texture et microstructuraux sont alors suivis. Les résultats

simulés sont comparés aux observations expérimentales pour valider les modèles proposés.

Les trois exemples de procédés de recuit choisis pour le travail actuel sont industriellement

importants et diversifiés dans leurs caractéristiques de recuit. Ceux-ci sont:

•
1.

II.

III.

Développement de texture cube { lOO}<OOl> pendant la recristallisation d'Al,

Croissance anormale de grain de Goss { 110 }<OO 1> grains en aciers de Fe-Si,

La concurrence entre les textures (Ill) et (1 OO)-fiber pendant le recuit des alliages

nanocristallins électrodéposés de Ni et Ni-Fe.

•

Le modèle pour chaque procédé de recuit est développé en analysant l'information

métallurgique appropriée obtenue à partir des métaux et des alliages correspondants avant

le recuit.

Dans Application-l, la texture et les mesures d'energie stockée dépendant de ['orientation

ont été faites sur ['alliage d'aluminium laminé à froid des canettes pour boisson et la

discussion détaillée est présentée. Ces résultats sont analysés pour le') modèles de

développement et de croissance des nucléations qui mèneraient à la formation finale d'une

texture cubique pendant la recristallisation primaire de l'aluminium. Afin de surmonter la

complexité de la microstructure défonnée, l'orientation et l'emplacement des noyaux sont

choisis par des conditions basées sur la texture et l'éparpillement dans l'aluminium laminé à

froid dont l'énergie stockée dépendant de l'orientation et celui dont les contraintes sont

éliminées. Le taux de dissipation de l'énergie stockée joue un rôle important concesnant la

cadence de nucléation de nouveaux grains avec différentes orientations. Le modèle

développé de croissance est basé sur les distributions de désorientation de joints de grain

iii
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entrainant des joints avec une possible haute mobilité pour le développement de la texture

et de la microstructure finales. Le modèle proposé de recristallisation pour l'aluminium

prévoit le développement de la texture cubique et de la structure de grain equiaxiale comme

observée dans les expériences.

Pour la croissance anormale de grain en acier-Fe-Si (Application-II), le rôle des joints de

grain a haute énergie a été étudié en détail en utilisant de simples expériences par

ordinateur pour comprendre l'importance de la part des joints de grain à haute mobilité. De

ces expériences~ on a montré que l'hypothése de mobilité élevée aux joints de CSL pour la

croissance anormale des grain de Goss est incorrecte. Le modèle de croissance qui suppose

une mobilité élevée aux joints de haute énergie (ou aléatoires) est examiné par ces

expériences par ordinateur puis est incorporé au procédé de Monte-Carlo développé pour la

croissance anormale de grain en acier conventionnel de Fe-3%Si. Le procédé de Monte

Carlo tient compte de l'effet de maturation d'Ostwald des particules de précipité pour l'arrêt

des joints de grain pendant la recristallisation secondaire. Le modèle proposé prévoit la

croissance anormale des grains de Goss.

Enfin dans le travail actuel de thèse, le procédé de Monte-Carlo est utilisé pour tester le

modèle proposé entre les texture (Ill) et (1 OO)-fibres en compétition dans les

eléctrodépositions de Ni, Ni-20% Fe et Ni-45% Fe nanocristallins (Application-III). Basé

sur l'analyse de texture, le modèle proposé suppose une haute mobilité des joints de grains,

qui sont dans les états élevés de non-équilibre. Le paramètre, qui indique l'importance de

déviation des joints de grain nanocristallins hors-equilibres par rapport à leurs equivalent

microcristallins stables, définit la mobilité. Comme observé dans les expériences, cette

hypothèse permet (111)-fiber de mieux se développer par rapport au (100)-fiber et devenir

un matériel microcristallin. Les résultats de la simulation de Monte-Carlo utilisant le

modèle proposé sont comparés aux expériences.
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Introduction
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•

ft is well-kno\\TI for centuries that deformation and annealing are the fundamentai

processes by which the properties of a metal can he altered. Though a plethora of

experimental observations and theoretical analysis are now available in this tield~ many

aspects are still not well-c1aritied and the experimentai evidence is often poor and

conflicting. This is mainly due to the complexity in performing successful experimental

or theoretical analyses. Therdon:. quantitication of aIl the aspects of these phenomena is

still not possible and thus underslanding them from the tirst principles is still a distant

goal.

\Vhen a metal is deformed. though the crystal structure is preserved. the change in the

grain structure poses numerous prohlems even lo characterize the different features

obseryed in the microstructun:. These: t'Catures depend on the crystal structure and

chemistry of the metallic matrix. the: dc:formation process employed and the temperature

at which the deformation is carried out. Deformation of metais occurs either by slip or

by t\\·in mechanisms [1]. The assumption of homogeneous deformation by Taylor

model [2] threw sorne light on the de\'elopment of the defonnation texture. However.

this model and the other models. induding the recent theoretical studies [3-6] in this

subject. are too simple to explain the tormation of deforrnation inhomogeneities such as



transition and shear bands and various complex dislocation cell structures. Though the

recent Transmission Electron Microscopie (TEM) technique provided sorne insight into

the arrangement ofdislocations, still the understanding is not sufficient. Therefore, using

the present knowledge, one cannot possibly construct the necessary features of deformed

microstructure, which is a basic requirement for the theoretical analysis of annealing of

deformed metals. However, it is clear that the compIex' microstructural- features are due

to the accumulation of crystal defects and the appearance of these features is the effect

of variation in the dislocation population and differences in their arrangements. The

step-scanning examination along a sample direction in heavily deformed specimens

using Orientation Imaging Microscopy (OIM) shows the evidence of numerous

additionai grain boundaries in the microstructures [7,8] as weIl. These defects store

energy in the structure, which leads to the instability of the meta!.

•
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•

•

Annealing at high temperatures revens the defective structures to more stable forms by

e1iminating and rearranging crystal defects created during the defonnation. This self·

replenishing act is the result of thermally activated atomic fluctuations causing the

recovery. recrystallization and grain gro\\lh in the deformed matrix. During recovery the

annihilation and rearrangement of dislocations takes place and there is no migration of

high-angle boundary noticed [l}. Recrystallization occurs at high temperatures. in

sufficiently deformed metals by nucleation of new grains. These new grains grow by

consuming the deformed grains through grain boundary migration [1]. Here the driving

prt:ssure for grain boundary migration is stored energy. Here the boundaries responsible

are usually the high-angle boundarics [1]. Further annealing results in the reduction of

interfacial regions dictaled by grain boundary migration~ which is referred to as grain

gro\\lh. Here~ the driving prt:ssure is grain boundary energy. Grain grov..lh processes can

be categorized into either normal or abnormal grain growth. [t was weil proven that

abnormal grain gro\'~lh occurs only when the normal grain growth is hindered [1].

Annealing of recently developed nanocrystalline materials show both normal [9] and

abnormal grain grov..th [10-11 J on ditTerent occasions. A complete understanding of the

annealing behavior of these materiaIs can be understood only after a complete

understanding of grain boundaries in their matrices.
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In spite of the complexity posed by the changing structure and behavior of the metals

during defonnation and annealing, the insatiable appetite for understanding these

processes is greater than ever before. Modem instruments are used for in-depth analysis

all over the world. The research in this field is fueled by the growing need for improved

and cheaper maferials (and processes) desired by the aerospace~ automotive ~d militarY
applications.

There are a nurnber of variables to be taken care of when the experimental or theoretical

analysis is performed. The tùndamental variables in a simple single-phase

polycrystalline metallie matrix are the orientation of eaeh grain present and topology of

the grain structure. The next level of variables that have to be eonsidered in order to

explain the deformation and annealing phenomena are the variables conceming the

properties associated with crystal defects such as grain boundaries and dislocations.

These variables. for example. are grain boundary energy~ grain boundary mobility.

stored energy. deformation inhomogendty. etc. The number of parameters to be

considered gets uncontrollably larger when a multiphase metallic matrix is considered.

At this juncture. the application of modem high-speed computers to understand the

mechanisms of metallurgical pro\:css during deformation and annealing in\'olving the

\'ariables mentioned abo\-e is on the risc. \\ïthin the past couple of decades. employing

the computer techniqucs for this purposc grew at such an astonishing pace that one

cannot possibly think of quantitati\'c prediction of the effect of processing parameters on

the tinal microstructure and texture withllut cl1mputers in the future.

~lost of the early analyses in mC:lallurgy and materials science do not consider the effect

of orientation and are concerned only about the change in the 2-dimensional grain

structure. This is mainly because it is possible to study the change in grain structure al a

cross-section of the specimen using an optical microscope. Even the early Monte-Carlo

computer models [12-14] disregard the effeet of orientation on the change in the grain

structure due to the complexity in d~\·doping a successful moclel. However~ to study the

influence of CSL boundaries on the Goss texture development~ Hinz and Szpunar [15]
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developed a computer program based on a modified Monte-Carlo framework that

incorporates complete texture and microstructure description. By having this procedure

as the precursor, in the present thesis, considerable efforts have gone into developing

computer models that could lead to the understanding of the development of

microstructure and texture during various annealing processes in different materials.

These models incorporate the complete microstructUre and texture and anisotrop~c

properties such as grain boundary energy~ mobility and orientation dependent stored

energy in the 3-dimensional Monte-Carlo procedures. The integrity of the results of

simulations has been evaluated by comparing them with the experiments. The

application of Monte-Carlo procedures considered in the present thesis work are for the

processes that are selected from three well-known and completely different annealing

processes observed in three different metallic matrices. These are:

•

•

Chapter 1

Application 1.

Introduction

Primary recrystallization of cold rolled metallic matrix~ where

nucleation and nonnal grain growth occur in order to transfonn the

deformed structur~ into a more stable structure at high temperatures.

As an exampl~. industrially important {OOI}<IOO> (cube) texture

de\'e1opment during annt.:aling of heavily cold rolled can-body

aluminum is chos~n for the study.

•

. Application II. SecondaI')' recrystallization or abnormal grain gro\-\oth that takes place

at high tt.:mperatur~s when certain metallic matrices are annealed after

primaI}' recrystallization. In this category, the celebrated {IIO}<QOl>

(Goss) texture d~\dllpmc:nt during abnormal grain gro\-\oth of Fe-Si

steel has becn sdc:ctcJ for the computer analysis.

Application Ill. The third categll~ in the present thesis work cornes from the unique

annealing behavior of recently developed nanocrystalline Ni and Ni

Fe electrodeposits. which are the state-of-the-art materials in

recording industries. The experimentally observed competition

4
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between (1 11) and (1OO)-fiber during annealing ln these cases is

predicted using a computer model.

This thesis is organized into the following chapters. Chapter 2 presents a review on the

necessary details of deformation and annealing processes. This chapter concentrates on

variables such as deformation inhomogeneities, stored energy, grain boundary energy

and mobility. The processes such as primary recrystallization, secondary

recrystallization and thermal stability of nanocrystalline materials, which are required

for the present analyses are also revie\ved. The latter part of Chapter 2 revie\vs the

computer models with a focus on the Monte-Carlo framework. As the role of stored

energy is of paramount importance ta the primary recrystallization of cald roUed

materials. the determinatian of orientation-dependent stored energy using x-ray line

broadening technique is explained in the tirst part ofChapter 3. It is then followed by the

detailed presentation of the simulation of primary recrystallization using the Monte

Carlo computer model. In Chapt~r .1. quantitication of the effect of different fractions of

mobile boundaries is discussed in the early sections by taking the Fe-Si steel as

exarnples. The Monte-Carlo computer procedure is then applied to the abnormal grain

gro\\lh of Goss grains in Fe-]Oô Si con\·t:ntional dectrical steel in the presence of MnS

particles. The ~lontc-Carlo proct:dun: is also applied to the study of texture

translom1ation in tht: rt:c,-=ntl~ d~\'dllp~d nanocrystalline Ni and Ni-Fe electrodeposits

and is presented in Chapt~r 5. Chaptt:r 6 pr~scnls the conclusion and recommendations

for the future research.
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Chapter 2

LITERATURE REVIEW

This chapter provides a review of the literature and terminology relevant ta the

annealing processes and computer simulation of these processes. The initial part of the

review is devoted to the discussion on lh~ basic and necessary understanding of the

deformed slate (section § 2.2). This includes a subsection § 2.2.2 on the importance of

the stored energy of thc cold JdlJrmcd slalc. Following this. there are discussions on the

important variables of annealing proccsscs namdy. grain boundary energy and mobility

in section § 2.3. Short reviews on primaI")" r~cl")·stallization. abnormal grain growth and

thermal stability of nanocrystalline matcrials are gi\"en in sections § 2.4. § 2.5 and § 2.6

respecti\'ely. These re\"iews are necessal")". because the Monte-Carlo methods discussed 

in section § 2.7 are applied to simulah: alllhesc processes. Reviews of Iiterature relevant

to specifie materials and annealing. processes chosen for this research work are given in

the corr~sponding chapters. In section § 2.7. a review of computer methods of

simulating microstructure anJ texture changes during annealing is presented. Finally. a

nole on computer modding \\ ith a tllCUS un ~lonle-Carlo procedure is presented.
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2.1. ANNEALING OF METALS

Literature review

•

•

Annealing a metal is a process of heating it to a high temperature, generally above the

-O.5Tm, where Tm is the melting (sometimes the phase transition) temperature of the

metaI. During deformation. the free energy increases and is stored in dislocations and

interfaces. A metaI containing these defects is .thermodynamically \:Instable. The .

atomistic mechanisms, thase are re.sponsible for the disappearances of

thermodynamicaIly unstable defects are often very slow at low homalogous

temperatures. This defect structure, when exposed ta high temperatures is transfonned

through thermally activated processes such as solid state diffusion. These thermally

activated pracesses cause the removai of defects or alternate arrangements of defect

structure that creates a configuration of lo\ver energy.

Upon heating a cold worked metal at an elevated temperature, the microstructure and

also the properties may be partially restored to their original values by a process called

reco\"ery in which annihilation and rearrangement of the dislocations occurs. In this

process the removal of dislocation structure is partial. At a suitable elevated

temperature. a further restaration process may occur in which new dislocation-free

grains are tormed within the deformed or recovered structure. These new grains then

grow and consume the existing deformed grains. This process is called (primary)

recl:\·stalli=ation. This process remo\"es the dislocations and [owers the free energy of the

metal. Though the dislocation Jensity in the metal al this state is not very high. the

metal contains grain bl.)undarù:s. which are thermodynamically unstable. Further

annealing may result in grain grau Ill. in which the grain size increases. If the grain

gro\\th process changes the grain sizt: homogeneously throughout the metal then this is

called normal grain growlh. ln ce:rtain circumstances this may give way to the selective

gro\\th of a few grains and this process is known as abnormal grain growth or

secondary recrystallization. The: sel1:explanatory schematic diagrams explaining these

annealing processes are given in Fig. 2.1. Detailed and methodical explanations of the

annealing processes and relevant information about the microstructure and texture of

7



defanned state of metals are diseussed in books [1~16~17] and the issues related ta this

tapie are diseussed in [18].•

•

Chapter2:

a

c

e

d

f

Literature review

•

Fig. 2.1. Schematic diagrams explaining the microstructural changes of
important annealing process; (a) deformed, (b) stress relie\'ed, (c) partially

recrystallized, (d) fully recrystallized (e) normal grain growth and (f) abnormal
grain growth [11.

2.2. DEFORl"IED STATE

A knowledge of microstructural and textura[ changes during defarmation would increase

the understanding of the prima~' recrystallization process in a metal. A part of the

enc:rgy spent during defonnation gets stored in the metal as defects. Sorne of the mast

important changes in the microstructures are discussed in the following section.
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2.2.1. Structure ofdeformed metals

Literature review

•

•

First, and most obvious, the grains change their shape during deformation. There is a

large increase in the total grain boundary area [1]. The new grain boundary area that has

been created during deformation incorporates sorne of the dislocations that are created
. '.

during the deformation process. A second feature ls the appearance of ah internal

structure within the grains. This too results from the accumulation and rearrangement of

dislocations. Summing up ail the energy stored by dislocations and the new interfaces

represents the stored energy of deformation. During deformation the orientation of each

grain in a polycrystalline metal changes relative to the directions of the applied stresses.

These changes are not random and involve rotations, which are directly related to the

crystallography and geometry of deformation. As a consequence the grains acquire a

preferred orientation or texture. This texture becomes stronger as the deformation

proceeds.

In cubic metals the two basic modt:s of dt:formations are slip and twinning and the

choice of mode is dt:cided by tht: value of slGcking fault energ}'. For example~

Aluminum has a stacking fault cnt:rg~ of 166 rnlm-l
. whereas the 70Cu: 30Zn brass has

a stacking fault energy of only 20 mlm-l
. The deformation ofhigh stacking fault energy

metals like AL takes place mainly by slip mechanism. On the contrary. the main mode of

defonnation for lo\\' stacking fault encrgy mt:tals is twinning.

During homogcncous dcformatilln. slip or twinning that is initiated in one gram tS

confined to that grain. Thcst: can he rcadily distinguished from thase occurrang an

neighboring grains. Howe\'cr. inhomogt:ncity of defonnation has been weil recognized

for a long time and the ditTert:ntly oriented regions within a deforrned grain have been

idt:ntified (I9]. Following Barrctt [1 q 1. rcgion(s) of constant orientation that is (are)

significantly different to the oricnlation(s) present e1sewhere in that grain is tenned as

deformarion band. A schematic illustration given in Fig. 2.2 shows various deformation

features. The region B~ v;hich has a different orientation from the grain region A~ is

separated by a thin band of finite width. This thin band is called transition band. [n

9



many cases deformation bands are parallel to each other and involve a double orientation

change A to C and then C to A. This type of defonnation band is called kink band [20].

Chin [21] identified that the origin of defonnation band is either the ambiguity

associated with the selection of the operative slip systems or the lack of strain

homogeneity experienced by the same grain in different regions. The transition band

develops when neighboring parts of a grain deforrn on different slip systems and. rot~te

ta different end orientations. In its most usual form the transition band consists of a

cluster of long narrow cells or subgrains with a cumulative misorientation from one side

of the cluster to the other [22]. Hjelen et al. [22] noted that in aluminum alloys even

transition bands with very small widths show large orientation changes across the band.

•

•

Chapter2: Literature review

•

Fig. 2.2. Schematic diagrams illustrating the deformation, transition and kink
bands in a deformed microstructure (refer text) [11.

Irrespective of whether slip or lwinning IS the major defonnation mode, the

microstructure is complicat~d by the pr~s~nce of inhomogeneities that are smaller than

deformation bands. In modcratdy Jdormed AL Cu, Ni etc.. the dislocations are

arranged in a cellular structur~ that is approximately equiaxed [1]. The microbands are

observed as long. thin. plate-like fcaturcs that are superimposed on the cellular structure.

At higher levels of strain (E: > 1t a macroscopic inhomogeneity know as a shear band

also occurs. These have a morphology that is related explicitly to the deformation

geometry and are easily seen in the optical microscope (Fig. 2.3)

10
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•

Fig. 2.3. 90% cold rolled aluminum single cl1'stal exhibiting slip bands [311

Typical microstructure of a mctal that is dcformcd by slip mode comprises a three

dimensional structure of rcgions of low dislocation density. bounded by boundaries of

high dislocation dcnsity. If the bounJarics of this kind are diffused and consisting of

tangled arrays of dislocations. thcn thc~ toml a C:c!/l structure. If the boufldaries are sharp

and consist of weil ordcrcd arr~~ s. thcn they torm a subgrllin structure. It has been

known for many years that the: suh~tru~turc of C\'cn moderately deformed. high-purity

aluminum is bettcr dcscribcJ in lerms ur subgrains rather than cells. This is a direct

consequence of extensivc dynami~ rCCU\'cIY that takes place at room temperature. The

most extensive work on this subjcct has been done by Hansen and his colleagues at Riso

National Laboratory [7.23-25]. In thcir work. a number of structural inhomogeneities are

distinguished and documented.

Il



Shear bands can be seen under optica! microscope. These bands correspond to narrow

regions of intense shear that occur independently of the grain structure and

independently aIso of normal crystallographic considerations. In rolled metals they occur

at 25-40° to the roHing plane and are parallel to the transverse direction [26.27]. In

metals that deform by slip.. the shear bands fonn colonies. The colonies are usually

severa! grains thick and the bands in altemate colonies are in opposite sense. The shear -

. bands were first reported by Adeock (as given in [28]) who showed that. on annealing,

nucieation oecurred at the shear bands. Unlike defonnation bands. those are inevitably

restricted to a single grain [29]. the shear bands cross grain boundaries. Stacking fauit

energy [30] largely influences the formation of shear bands in Fee metals during coId

roHing. The shear bands are readily observed in moderately rolled low-stacking fault

energy metals [16]. However. Kamijo et al. [31] experimentally observed that shear

bands are formed also in the high-purity AI. which has high staeking fault energy. They

also concluded that the formation of shear bands seems to depend strongly on rolling

conditions.

•

•
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•

So far the deformation inhomogeneities that are relevant to nucleation processes have

been the focus of this section. Thcse inhomogeneities are the locations in the deformed

matrix (and also the prior grelin boundary and \'ertices). where the new orientation

nucleates during annealing. Howc:\·~r. th~ discussion on nucleation and grain gro\\t1h is

incomplete without a discussion on stored energy and its dependence on orientation in_

the deform~d matrix. The fl)llo\\ ing s~~tilln *2.2.2 dues that.

2.2.2. Stored energy ofcold ","orli

fvlost of the work expended in dcforming a metal is given out as heat and only a smail

amount (1-1 OO~) [:!8.32] remains as storcd energy in the metal. This energy is stored in

the farro of crystal defects that have bcen deseribed in the previous section § 2.2.1. Early

works on stored energy [32-35] were based on calorimetrie technique. The typical value

of stored energy obtained by this method. as an example, in aluminum is -30 l/g-atom

12



[35]. This method of measurement gives the overall value of the stored energy in the

material. However, for a given macroscopically imposed stress, grains of different

orientation are expeeted to develop microscopie defects at different rates. This is

because each orientation behaves differently for the same imposed stress. This explains

why stored energy may vary with crystallographic orientation. Thus, measuring stored

energy by calorimetrie method wou~d not help much to understand the nucleation. an.d 

growth behavior of each erystallographic oIjentation. Various attemptshave been made

by numerous researchers [29~36-41] to evaluate the stored energy by measuring the

broadening of x-ray, neutron diffraction lines and by TEM (transmission electron

microscope) analysis of substructure. These methods are capable of providing

knowledge about the orientation dependence of stored energy in defonned materials.

The x-ray and neutron diffraction techniques measure only the lattice strain energy.

Further discussion on these techniques is offered in chapter 3 under the section § 3.2.10

The TEwl analysis of subgrain size and misorientation would provide a measure of

stored energy [29.39] as function of crystal orientation. For example, Dillamore et al

[29.39] found that the subgrains in deformed polycrystalline iron rolled 70% were 0.5-1

J.lm in diameter and had average misorientation of from 2-60
• Differences in

misorienwtion and size were obsenoed tor diffèrent orientation of the grains in which the

substructure had forme:d. The: combination of small subgrain size and high subgrain

misorientation. and therefore high sub-boundary energy. means that the local values of

stored energy is high. The storcd cncrgy \Oaries with the orientation of grains in the

rolling plane. For a < 110> rlllling direction. the stored energy calculated in this \vay

[39] are in the order Et 11111<Ed Il ,<El : 11 ,<E1IUClI• This was then confirmed by independent

x-ray line broadening studies [371. This rcsult has proved to be very useful in providing

understanding of the recrystallization textures found in low carbon steelso However only

rolling plane sections were examined in this early work and it was assumed that the

subgrains were hexagonal prisms with height equal to the diameter, whereas, the actual

shape of the subgrain in practice is much more complicatedo

•

•

•
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For an in-depth understanding of primary recrystallization~ apart from the basic

information such as deformed microstructure, texture and orientation-dependent stored

energy, knowledge on grain boundary energy, mobility and fraction of mobile grain

boundaries around the growing new grains is needed. AIso, to understand the abnormal

grain gro\V1h.. where the only driving force is the reduction of grain boundary.

knowledge of grain boundary structure.. energy and mobility is of great importance.

.Therefore, the following section has been devoted to the review of this subject.

•
Chapter2: Litera/ure review

•

•

2.3. GR--UN BOUNDARY STRUCTURE, ENERGY AND MOBILITY

The annealing processes such as recovery, recrystallization and grain growth involve the

migration of grain boundaries. Therefore.. our ability to understand these phenomena

may weIl be limited by our lack of knowledge of structures and properfies of grain

boundaries. The grain boundaries are the interfacial regions that separate two grains.

There are five macroscopic degrees of freedom needed to define a boundary. In many

cases it is sufficient or con\·enient ta neglect the orientation of the boundary planes

(which contribute two degrees of freedom) and consider only the remaining three

parameters. which define the difference in orientation of two grains that ferro the

boundary. The relative rotation of the two crystals can be described mathematically in

various torms. among them llugle axis pair notation is popular and will be used

throughout this thesis. [n cubic materials. because of the symmetry. the relative rotations

of the two grains can be described in 24 diffèrent ways. In the absence of any special

symmetry. it is con\'entional to dcscribc the rotation by the smallest misorientation angle

(a) and the corresponding axis. The range of a which is allowed therefore is limited and

~lackenzie [42} has shov;n that the maximum value ofa is 62.8° for a-ds <1.1,",,2-1>.

2.1./. Classification ofgraü, bOlilldaries based on structure

[t is convenient to cIassify the gram boundaries based on misorientation angles.

Generally the grain boundaries are grouped into two classes namely low angle grain
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boundaries (LAGB) and high angle grain boundaries (HAGB). The angle at which

transition from high angle to low angle boundaries occurs is typically between 100 and

200
• The boundaries with misorientation higher than the transition angle are called high

angle grain boundaries. Low angle boundaries are those~ which are composed of arrays

of dislocations, and structure and properti~s of these boundaries vary as a tùoction of
- .

misorientation. -In general high angle boundaries have a rand~m structure.. However.

there are "special' high angle boundaries, which may have characteristic structure and

properties. There are aIso other classifications of boundaries generally bac;ed on the

misorientation. As an example. in the case of primary recrystallization. nuclei of the

main annealing texture component namely cube. {1 OO} <001> seems to have high

concentration of boundaries with misorientation higher than 350
• This will be discussed

in chapter 3. Finally~ based on grain boundary energy. for example in Fe-Si steels, the

boundaries with misorientation of 20-45° have high energy and are classified as high

energy grain boundaries (HEGB). A detailed discussion conceming these boundaries is

presented in chapter 4 .

•

•

Chapter2: Literature review

•

As mentioned above a lo\\" angl~ grain boundary can be represented as an array of

dislocations [43.44]. Simple boundaries of this kind are tilt and twist boundaries. The

simplest boundary narndy the .~ymm(!lric:a/ ti/i houndary. which is sho\\TI in Fig. 1.4.

consists of a wall of paralld ~dgt: dislocation aligned perpendicular to the slip plane.

These are commonly obsery~d by transmission electron microscopie techniques. If the

spacing of the dislocations of Burg~r \ r.:~ttlr h in the boundary is h then the crystals on

either side of the boundary ar~ mis(.lri~ntr.:J by a small angle e can be approximated as

8=h.'h. In the case of symmt:lrkal l\\ist houndary. the network of screw dislocation is

responsible [1.45] for observed misoricntation. Any arbitrary low angle boundary is

built from dislocation that hu\"e both cJge and scre\v components [45]. These low angle

boundaries are of great importancr.= in understanding the annealing processes.
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Fig. 2.4. Scbematic diagram of a symmetrical tilt boundary (1)

The ·speciar boundaries in the high misorientation angle range are specifically called

coincident site !allice (CSL) boundaries [46]. The concept of CSL is geometrical.

Consider twa interpenetrating crystal lanices and translate them so as to bring a lanice

point of each into coincidence as shawn in Fig. 2.5. If other points in the two lanices

coincide. then these points forro th~ coincident site lattice. These types of special

boundaries are denot~d as L. which represents the reciprocal of the ratio of lattice sites to

CSL sites. For cubic systems. th~s~ eSL boundaries have odd integers as L values. In

the Fig. 2.5. the CSL boundary shown has a \'alue of I:==5. The coherent {win boundaries

have ~:::3 and lo\\" angle boundari~s ha\'c ~ \'alues doser to 1. Extensive details about

. the angl~s and axes at which th~sc: CSL rdationships exit are given in [47.48]. Brandon

[49] pointed out that the eSL boundari~s maintain their .special' coincidence status

within the small deviation of misoric:ntalion that is calculated ta be 15/r. 1J2 degrees. This

is called Brandon criterion. The gr.lin boundaries that deviate from Brandon criterion

are generally called-randum hUlIlldaric.'i. As L values increase. the boundary structure

b~comes more random. The enc:rgy orthe CSL boundaries is lower compared to the non

CSL random boundaries.
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Fig. 2.5. A coincident site lattice (rS) formed from t\Vo simple cubic lattices
rotated by 36.9° about an <001> axis. The coincident sites are shown as black

circles (1).

Even when the angular dc:\'iation from eSL is mor~ than allowed. the boundary structure

can be maintained by introducing grain boundary dislocations. which locally

accommodates the mismatch in much the sarnc: way as dislocations preserv~ the grain

boundary lattice in lowangh: grain boundarics. Il is also predicted [50] that sorne grain

boundary dislocations are associale:d \\ ith Sft!ps in the boundary. Thc:se boundary

defects are of importance in undc:rstanJing th~ mobility of boundaries.

1.1.2. Grain bOlilldary energy alrel nlisorientatioll

lt is generally accepted that the: c:nc:rgy of the grain boundary is a function of

misorientation. The famous rdationship between them was firsl derived by Read and
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Shockley [44] for a simple tilt boundary based on a dislocation model and is given in the

following equation:•
Chapter2:

E = Eof}(A -lnB)

Literature review

(2.1)

Where E is the grain boundary energy, f} is the misorientation angle~ Eoand A are.

constants. It is assumed that the low angle'grain boundary is an array of dislocations and

strain energies; associated \vith them is the energy of the boundary. Energy Eo in

equation (2.1) is defined by the following equation.

(2.2)

•

•

Here. Enr is the maximum energy and {}nr is the angle for which the maximum is

observed. The equation (:;.1) has been "erified for relative energy of low angle grain

boundaries on various systems and found to he in good agreement with experimental

measurement [51). Dunn et al. [52-54) experimentally verified the validity of the

equatian (2.1) for (il O' and 100 tilt boundaries for Fe-3o/aSi system and found it to he

in good agreement. Funher discussion on this subject will be given in § 4.3. under the

tapic on computer simulation ofabnormal grain gro\\1h in Fe-3%Si steel.

Experim~ntal method of measuring the grain boundary energy is based on the fact that al

high temperatures rapid atomic mu' emc:nts allow intersecting boundaries to approach an

equilibrium configuration. Th~ imc:rfadal tensions. which act along the tangential vector

to each boundary. and the torque duc III the anisotropy of the intertàcial tensions tends to

rotate the interfaces into positions of lo\\cr energy [55-56]. This is a triangular force

relationship by which the inl~rfàcial cncrgi~s of two of the boundaries of a tri-crystalline

configuration may be deduced rdali \'e to that of the third. To do this, one needs only to

measure the equilibrium dihedral angh:s al the triple junction [56] .
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Due to the complexity involved in studying the structural features of the grain boundary

on an atomic level, computer techniques such as molecu/ar dynamics are increasingly

being used for this purpose [45]. Few of the results of such calculations necessary for

this thesis work with a foeus on fec transition metals such as Cu and Ni are discussed in

section § 5.3.

•
Chapter2: Literature review

•

2~3.3. Mobility ofgrain boundaries

The migration of low and high angle boundaries play an important role in the annealing

of cold worked metals. Low angle boundary migration occurs during recovery and

during the nucleation of recrystallization. and high angle boundary migration occurs

both during and after primary recrystallization. The grain boundary mobility may be

perceived as the ability of the boundary to migrate in the matrix. Suppose a grain

boundary moves \vith a velocity (\.) in response to the net effective pressure P on the

boundary. It is generally assumed that the velocity is directly proportional to the

pressure as given below.

\' =.\lP (2.3)

•

Here. the constant of proportionality is the .\/obility of the boundary. This kind of

relationship is predicted by the rcaction r.lte theOl·Y. Experimentally. various researchers

[58-61] confirrn this relationship on \·arious materials. After a long discussion on various

thcories of grain boundary mohilit~. Humphreys and Hatherly [1] concluded the

following. The random grain boundaries have high mobility and are often independent

of the misorientation angle 8. The mobility of LAGBs is a strong function of e. A

detailed account on the dependcncy of mobility on orientation is discussed in detail by

Gottstein and Sch\\'arzer [62].

The mobility of high angle grain boundaiies is temperature-dependent and tS often found

to obey and Arrhenius type relationship of the forro
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(2.4)

Here, the constant R, Mo and the activation energy of grain boundary migration are

independent of temperature T.

·As far as the mobility is concemed. a lot of confusion still exists in deciding·which type

of boundary has high mobility and why. It is however, generally accepted that low angle

boundaries (LI) and win boundaries (L3) have low mobilities. The high mobility for

the CSL [63-69] boundaries is highly questionable and in-depth research is required in

this subject. For example. in the case of fe-Si steels, one group of researchers [63-67]

argues that certain coincidence site lanice (CSL) boundaries have high mobilities, which

result in abnormal grain gro\\1h. Harase el af. [63,64] and Shimizu et al., T65] argued

that among various CSL boundaries. r9 played an important raIe in the development of

{110}(OOl) texture. In their \\"ork a possible role of other CSL boundaries was not ruled

out. Recently Lin el al. [67} stated that the low L boundaries including r3 are

responsible for the AGG of Goss :110:(001) grains in Fe-Si steels. These authors argue

that there is no energetic or structural basis for an enhanced stability of the r3 boundary

in bec materials such as Fe-Si. Different types of CSL boundaries are given importance

l'rom case to case (r9 [63]. '"i.7 [68]. and rs [69]): however, no clear explanation for the

selection of Goss orientation in Fe-Si steels is offered. In the present research work. the

computer simulation of Goss texture: dcn:lopment is carried out under the assumption

that high-energy boundaries han~ high mobility. Further discussion regarding this

assumption will be given in chaptc:r 4. However. discussion conceming the effects of

temperature and impurities on the: mobility of grain boundaries will be given here.

ft is knov,;n that the activation energy depends on GB misorientation and is different at

various concentrations of impurities. The results of Aust and Rutter (70.71] indicates

that in high-purity metals. the differences in GB mobility arise primarily from an

orientation dependence of solute segregation to the boundary, rather than an intrinsic
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difference between GB mobilities. These authors demonstrated that the CSL boundaries

are more mobile than random boundaries up to an impurity level of0.006 wt % Sn in Pb.

At higher impurity levels the difference between mobilities of CSL and random

boundaries disappear [1,70,71]. Again, it has been reported that the specialty of the CSL

boundaries vanishes at high temperature [1]. As a typical Fe-Si steel has around 3% Si

with other alloymg elemènts such as C, ~ln, S, Al, N, etc., in considerable, amollnt and

the secondary recrystallization process is observed to happen above 10000 C, the special

property of CSL boundaries may not apply to this case.

Similarly. there is still confusion in deciding whether the celebrated 40°<111>, which is

close ta "i7, is responsible for the cube. {lOO}<QOl> texture development in Aluminum.

One of the best-knO\\l1 early investigations of the effect of misorientation on mobility is

that by Liebmann et al. [72]. He measured the migration rate of <Ill> tilt boundary in

99.8°tfa aluminum crystals which had been lightly deformed. and found the mobility ta be

a maximum for a misorientation of -400 about a <Ill> axis. This result aise shows a

very broad width of the mobility CUf\'e that spread from 250 to 550
• There are other

works [8.73] supporting the high mobility of high angle boundaries with misorientation

>35 0 in aluminum. A detailed discussion regarding this will be given in chapter 3,

Having discussed the important \"ariabl~s for the annealing processes such as structure of

deformed metals. stored energy of coId work. grain boundary energy and mobility. one

has to look into the details of nl~f.:hanisms thal are involved in the annealing processes,

Th~ following s~f.:tions \\lluIJ J~al \\ilh primaT)' and secondary recrystallization

processes.

2..1. PRIM..\RY RECRYSTALLIZATION

The thermodynamically unstabk ddèct structure created by the cold work is eliminated.

by nucleation and grain gro\\1h at high homologous temperatures. This process is often

called primary recrystallization in order ta distinguish it from processes of exaggerated
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grain growth, which may occur in fully recrystallized material. It is convenient ta divide

primary recrystallization into two regimes, nucleation, which corresponds ta the tirst

appearance of new grains in the microstructure and growth during which the new grains

consume deformed matrix.

2.4.1 The JMAK mode/for recrystallization

The progress of recrystallization with time during isothermal annealing is commonly

represented by a plot of the volume fraction of material recrystallized (Xr) as a function

of time, usually log(time). This plot has the characteristic sigmoidal forro as shown in

Fig. 2.6~ and typically shows an apparent incubation time before recrystallization is

detected. This is followed by an increasing rate of recrystallization, a linear region, and

final1y a decreasing rate of recrystallization mainly due ta the impingement of growing

grains. This phenomenon is anal~1ically modeled by early researcher Kolmogorov [74],

Johnson and l\t1ehl [75] and A\·rami [76] and is commonly known as the JMAK model.

This model results in J~1AK ~quation. A more general forro of lhis equation is as

f01l0ws

(2.5)

. Where. B is a constant and ( is time. The exponent n is called JMAK or Avrami

exponent. Basic assumption of this cquation is that the nucleation occurs uniformly and

randomly throughout the ddormcd matcrial and the growth rates of the nucleated grains

are isotropic until the impingcmcnt. T~ pical values of n may be bet\veen 3-4 for 3

dimentional cases and 2-3 for 2-dimcntional cases.
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Fig. 2.6. A typical recrystallization kinetics during isothermal annealing (1)

Before attempting to discuss the nucleation and gro\\'th, it may be important to know at

least the qualitative effect of various parameters on recrystallization itself. This is

discussed under the following section on the laws of recrystallization [1.77 ~78].

2.4.2. T1le laws ofrecrystalli:ation

These rules are obeyed in most cas~s and are easily rationalized if recrystallization is

considered to be a nuclcation and gro\\1h phenomenon. controlled by thermally activated

processes. whose driving forc~ is provided by the stored energy of deformation. The

rulesare [1.77.781:

(i) A certain critical d~formati(\n is nccd~d to initiate recrystallization.

(ii) The temperature al \\ hich l'CCI! stallization occurs. decreases as the time of

annealing increascs.

(iii) The temperature at which r~c~stallizationoccurs. decreases as strain increases.

(iv) The recrystallized grain sizc d~pcnds primarily on the amount of deformation.

being smaller for large amounts of deformation.

(v) For a given amount of detonnation. the recrystallization temperature will be

increased by (a) a larger staning grain size and (b) a higher deformation

temperature.

23



Chapter2: Literature review

•

These mIes tell us that the degree ofdefonnation applied must be sufficient to produce a

nucleus for the recrystallization and to provide the neeessary driving force to sustain its

growth. The microscopie mechanisms controlling recrystallization are thennally

activated and the relationship between the recrystaIlization rate and the temperature is

given by Arrhenius type equation. Increased strain increases. the stored energy in the

materiai. The nucleation and grov-th are therefore more rapid or occur at lower

_temperature in a more highly deformed materia!. The nucleation rate is more affected by

strain than is the growth rate. Therefore.. a higher strain will provide more nuclei per unit

volume and hence a smaIIer final grain size. The grain boundaries are favored sites for

nucIeation, therefore a large initial grain size provides fewer nucIeation sites~ the

nucIeation rate is lowered. and recrystaIIization is slower or occurs at higher

temperatures. At higher temperatures of deforrnation, more recovery occurs during the

deformation. This is called dynamic recovery. The stored energy is thus lower than for a

similar strain at a lower temperature.

Having discussed what effect the important parameters such as the initial grain size.

deformation strain and annealing temperaturc: have on time needed for recrystallization

and the grain size after annealing. th~ micromechanisms that control the nucIeation and

grain gro\\1h during primat:- recrystallization are discussed below.

2.4.1..\"lIcfeatioll ofrecrystafli:atioll

A recrystallization nucleus is a cr) stallitc: of luw internaI energy growing into deformed

material from which it is often scparatcJ by a high angle grain boundary [1]. Nucleation

can he classified according to th~ location of the nuclei [79]. Homogeneous nucleation is

defined as nucIeation. which takcs place \\ ithout regard to location in the microstructure.

Heterogeneous nucIeation. on the other hand. occurs at specific sites in the

microstructure such as grain boundaries. particles. etc. These categories may be further

subdivided according to nuclt:ation ratc. Site-saturated nuc1eation takes place when aIl

nucIeation events accur simultancously. Continuous nucleation is the case when

nucleation occurs throughout the annealing process. Continuous nucleation may be at
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constant nucleation rate, which can be defined as the constant number of nuclei per unit

volume of unrecrystallized material activated per unit time, or the non-constant

nucleation rate [13].

Primary recrystallization texture is determined primarily by the orientation of nucleus

grains and relative nucleation and growth rate.s of these grains. It has been knovin. [lJ

that the recrystallization textuie is produc~d either by "oriented nucleation" i.e.~ the

preferred nucleation of grains \\;th a particular orientation or by "oriented grO\\i"th" i.e.,

the preferred growth of nuclei of specifie orientations from available array of nuclei.

Burke and Tumbull [78] proposed that the classical nucleation theory developed for

phase transformations might be applicable to recrystailization. Here nucleation of new

grain is assumed to occur through atom-by-atom construction. Calculations based on

classical nucleation theory [80] indicate that the formation of new grains this way is not

possible. However. these new grains grow from small regions. These regions are

recovered subgrains or cells that are already present in the defonned microstructure. The

exceptions are new grains generated by twinning [1].

The pre-existence of the nucleus in the deformed microstructure suggests the importance

of the substructure and ilS response to the annealing temperatures. This preforrned

nucleus model was first postulated by Burgers [81]. Later. studies using high-resolution

electron microscopie techniques [:!7.82-86) have shown that the mechanism of

nuclcation is either sub-bc..lUndary migralion or subgrain coalescence, Dillamore et al.

[:;9] pointcd out that in oroer t'Jr J high angle boundary to be produced by rapid

reco\'ery. there must be an orientation gradient present. An area with a large orientation

gradit:nt will always have a high stllred t:nergy because the geometrically necessary

dislocation or lo\\" angle grain boundaries are needed to accommodate the

misorientation, Therefore. the: nudealion of recrystallization can be considered to be a

discontinuous subgrain gro\\1h al sites of high strain energy and orientation gradient [1].

lnhomogeneities in the deformed microstructure are the nucleation sites for the new

grains. These inhomogeneities may either be present before deformation (grain
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boundaries) or induced during defonnation. The important classification of

microstructural features observed in the deformed metals is given in § 2.2.1. At a

microscopie level, the induced inhomogeneities that are important ta the recrystallization

process are transition bands and shear bands. As these inhomogeneities are associated

with large misorientation gradient~ they are all possible nucleation sites during

recrystallization [87]. These inhomogeneities are important for the oriented nucleation

-mechanism. In the case of \\'arm plain strain extruded commercial purity Al.. authors

[22,88~89] conf1ffi1 the observation oforientated nucleation of cube orientation~which is

the predominant recrystallization texture. In 7010 Al specimens.. it was observed that the

presence of inhomogeneity around precipitate particles after cold deformation increases

the nuc1eation of random texture. thereby reducing the strength of cube texture after

recrystallization [90].

As far as the gro\\lth of the nuclei is concerned. the mobility of different types of

boundaries plays a main role in the preferential growth of a particular orientation. This

has been already discussed in § 2.3.3 and the preferential growth of cube. {lOO}<OOl>

texture during primaf)' recrystallization of Al is discussed in the chapter 3. The high

mobility of certain boundarie:s may influence the preferential gro\\.1h of a particular

orientation and the devdopmenl of tc:Xlurt:. This phenomenon can be illustrated in the

case of abnormal grain gro\\lh. A short o\'~f\'iew of parameters to be considered in the

abnormal grain gro\\th is gi\'e:n in the: following section.

2.5. AB:'tOR:\IAL GR-\I~GRO\\"TH

As mentioned before. abnormal grain gro\\1h or secondary recrystallization takes place

in order to reduce the interfacial regions and thus the overall energy of the system. This

phenomenon takes place when the: already recrystallized metal is further annealed at

high temperatures and is often associated with the presence of precipitates.

As far as grain gro\\1h is concemed. it cau be divided in to two major types. normal

grain growlh (NGG) and abnormal grain grOl,l!lh (AGG). During normal grain growth.
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the microstructure changes in a rather uniform way, therefore the shape of grain size

distribution is usually independent oftime. In this case, there is a relatively narrow range

of grain sizes and shapes. The schematic drawing in Fig. 2.7(a) shows the nearly

unaltered shape change but the average grain size shifts towards the higher values. In the

case of abnonnal grain groVlth (Fig. 2.7(b»~ a few grains in the microstructure grow and

consume the matrix of smaller grains and a bimodal grain size distributi9n- d~velops·.

Eventually these large grains irnpinge and normal grain growth may then resume as

shown in Fig. 2.7(b).

The main driving force for grain gro\\'1h is the reduction of grain boundary energy. For

an ideal array of grains. where there are no impurities and grain boundary energy is

constant. the abnormal grain gro\\th is not expected to happen. Under ideal conditions,

as has been shown previously both by analytical [91] and computational analysis [12~92]

a very large grain will ah\·ays grow more slowly than the average grain and will

eventually rejoin the normal grain size distribution. Abnormal grain gro\\tth can

theretore occur only wh~n normal grain gro\\th is inhibited. The abnormally growing

grain has sorne advantag~ o\-er its ndghbors and as a consequence a secondary

recrystallization texture is dt:\Odopcd. Among the tàctors such as surtàce energy.

particle pinning. grain boundary groove. etc.. which may affect the abnormal grain

gro\\th. an effect of second phas~ panicles is considered to be of prime importanceo At

high lemperalures. pn:cipilatt: particlcs und~rgo Ostwald ripening. This causes the

brcakdown of grain boundary pinning hy the particles and fa\'ors certain grain

boundaries that becomc more ml,bil~ than th~ otht:rs and lhus contributes to abnormal

grain gro\\th of cenain grains. :\ spccilic sludy Ihat has been undertaken in this research

work is the abnormal gro\\1h of Guss grains in Fe-Si steels discussed in chapter 4_ A

similar interesting annealing phcnorncnon is seen in recently developed nanocrystalline

materials. The following section is dC\'Oled to the discussion on annealing behaviors of

nanocrystall ine materials.
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Fig. 2.7. Schematic representation of change of grain size distribution during (a)
normal grain growth and (b) abnormal grain gro\'-th (11.

- 2.6. THERMAL STABILITY Of ~.-\~OCRYSTALLINEMATERIALS

E\"t~r sinc~ the synthesis of ultr..ltinc:-grJinc:d polycrystals by consolidation of small

clusters formed via gas condc:nsatilm [931. a couple of decades ago. thermal stability of

nanocrystalline materials has becn gi\'cn much attention_ The nanocrystalline materials

have a much higher volume ~rccntage of intercrystalline regions [94,95] than

conventional polycrystalline materials. The special properties associated with these

materials are due to the presence of the high percentage of the intercrystalline regions.

The grain boundary and triple junctions also considerably increase the internaI energy of

these materials. Thus. the nanocrystalline material is thermodynamically unstable, with a

strong tendency to transtàrrn inta a microcrystalline material with fewer grain
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boundaries. Unlike in the conventianal micracrystalline material, the heat release during

grain grawth is high enough ta be detected by the differentiai scanning caIarimetry

(DSC) [96,97].

As mentioned severaI times befare in this thesis~ grain growth decreases the total energy

of the system by reducing the interfacial area and thus the energy associated with it.

Since the nanocrystailine materials have a highly disordered interfacial component the

driving force for grain growth is very high. As an extreme example.. Gensman and

Birringer [98] observed an abnormal grain growth at room temperature in

nanocrystalline copper produced via gas condensation technique.

Previous studies [10~11.99-104) on the thermal stability ofnanocrystalline Ni and Ni-Fe

alloy electrodeposits sho\'/ that both normal or abnonnal grain growth can occur

depending on the composition of allo)".. temperature. etc. [n the case of vapor-deposited

Ni thin film specimens [104). microstructure exhibits a more uniform grain gra~1h after

a heat treatment at 573 K. On th~ contra~·. annealing of nanocrystalline Ni \\lith P and S

as impurities and the starting grain siz~ of It:ss than 10 nm showed at 573 K and also at

673 K [lOI] a transition fronl rapid grain gro\\lh at the initial stages to a very low

gro\\1h rate. For the case of Ni-1.2°o P allo)". the stable structure was observed up to

473 K. At intermediat~ tt:mpc:ratun:s up to 623K. the grain size initially increases by a

factor of 2-3. then stabilizt:s at 15 to 25 nm. In Ni-l.2% P. the grain boundary

immobilization was obser\"t:d to (oinciJ~ \\ Îth the fonnatian of Ni3P precipitates [102].

At 673 K. substantial grain gnl\\lh \\as ~\·idt:nt within few minutes of annealing [102].

(n anolher research \\ork. ~h:hta •.:, t/l [111 obst:n"ed that grain gro\\lh in Ni-I.2°/o P

nanocrystallÎn~ dt:ctrod~posits \\ ith a grJin size of 25 nro was not signitïcant up ta 513

K. Howe\'er.. abnormal grain grll\\ th ~cts in at annealing temperatures above 513 K

during in-situ annealing expt:rim~nt.

For the present research work. th~ abnormal grain gro\\-th observed in the Ni and Ni-Fe

alloyelectrodeposits is moddcd and using that model the competition between the ( III )

and (1 OO)-fiber textures observe;:d in these alloys is explained. A further overview of
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research and detailed description of the mode1 developed for explaining the

microstructure and texture transformations in these alloys is presented in chapter 5.

2.7. COMPUTER SIMULATION OF RECRYSTALLIZATION AND GRAIN

GROWTH

. The past couple ofdecades have given us new fnsights into the problems of grain growth

solely due to the advent of computer simulation. Computer simulation models can be

c1assified as either direct or statistical. The statistical model deals with ensemble

probabilities for a collection of grains and the computer solves a series of interrelated

equations, so as to find the behavior of classes of grains (in terms of size classes or

shape classes). These models do not take ioto account topological constraints. Direct

simulations can be broken dO\\TI into deterministic and probabilistic models. In the

deterministic mode! each subsequent configuration of the boundary network is

determined by the previous mod~l. Th~ probabilistic model, on the other hand. takes into

account of probabilities on a microscopie scale rather than macroscopic ensemble

probabilities. Probabilistic is synonynlous \\ith rundom or slochaslico The J[onte-Carlo

model is one of the probabilistic modds.

2.7. /. Classical Jl.follte-Carlo graill grou:tJ, ,,,odel

Anderson and colleagues [Q2.1051 lirs! prupos~d the model for computer simulation of

grain gro\\lh. Lattc:r they \\~nt llO hl arpl~ this model to \'arious aspects of grain gro\\lh

and reerystallization [13-15.105-1121 sw:h as abnormal grain gro\\i1h [15]. grain gro\\1h

with particle pinning [1061. pnnla~ rc:c~ostallization [13J4.l10]. dynamic

reerystallization [109] and so on. Th~ ~umpilc:d edition on these simulations and results

is gi\'en in [1-l].

In the Monte-Carlo model the microstructure is mapped on to a discrete lattice. This is

equivalent to di\Oiding il into d~mc:nta~· areas or volumes depending on \\·hether the

microstructure is assum~d to ~ or 3-dimensional. These lattices (areas or volumes) are
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of identical shapes and sizes, each lanice site denoting one elementary unit. Such that

the total number of lattice sites used for mapping the whole microstructure is, say, NT.

These lattice sites are assigned a number, Qi, where Qi = 1,2...Q. Each number a,

corresponds ta an orientation of the grain in which it is embedded. Any group of

neighboring lattice sites with the same orientation number belongs to a single grain as

represented in Fig. 2.8. A typical grain struct':1re in Monte-Carlo simulati(1)fi is shà~n ~n .

Fig. 2.9. The site having moré than one n~ighbor with a different orientation \vill be a

part of the grain boundary. ln Fig. 2.9, each grain is given different grey shades to make

them appear more like a real microstructure.

Fig. 2.S. Discrete representation ofl-dimensional microstructure used in Monte
Carlo simulation by Anderson et al. [121.

The: cnergy of the system is dc:s,-=ribe:d in te:rms of the latlice site energy. fil. and is given

as

f.l = ±(1-c51l11 )Jll• d •

;;1

(1.6)

Where J.J Il is the magnitud~ of the grain boundary energy and 8<1 u is the Kronecker

della and N is the total number of nearest neighbors. The kinetics of boundary motion
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are simulated using Monte-Carlo technique developed initially by Metropolis et al.

[113]. In the Monte-Carlo technique, a site is selected at random and its orientation is

changed randomly ta any of the other possible neighboring orientations (Q-l). The

transition probability, Pis then given by

{

1
p-

exp[-1]M./kT]

.• ô.E~O

, LlE>O

(2.7)

Where & is the change in energy caused by the change in orientation. Here k is the

Boltzman constant and T is the temperature.

Fig. 2.9. A ~'pical grain structure in Monte-Carlo simulation.

Successful transitions at the grain boundaries to orientations of nearest neighbor grains

correspond ta boundary migration. A schematic diagram explaining the boundary
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•

motion in Monte-Carlo simulation is presented in Fig. 2.10. Among the two grains

shawn in Fig, 2.10, the grain numbered 2, grows into the grain numbered 1.

1 111 1 1 1 1 1
1 1 1 1 III 1 1
2 2 2 2 .2 2 2 2 2
2 222 222 2 2

(a)

1 1 1 1 1 1 1 1 1
1 1 1 1 2 1 1 1 1
î Î

-
"')Î Î î 2 î 2

î Î .., î 2 Î 2 2 2

(h)

Fig. 2.10. Schematic representation of grain boundary movement in Monte-Carlo
simulation.

The time scale for this simulation is based on the number of re-orientation attempts

made, The unit time is defined as 1 Monte-Carlo Step (MCS), which is NT re-orientation

attempts. where :VT is the ~ûtal numb~r of lanice sites. The conversion from MCS to real

time has an implicit acti\·ation ~nergy fa'tor. \,,'hich is e'w",. which corresponds to the

atomic jump frequ~n'y [1061. Sinc:c th~ time:. ~ICS. is normalize:d by the jump

frequency. choosing the t~mpt:raturè T=Q would restrict the accepted re-orientation

attempts to those which lowc:r the: ~nergy of the system. To reduce finite size effects.

\·ery large systems with pcriodic hounJary ,onditions are employed.

Quantitative analysis of the structures e\'olved in both 2-D and 3-D simulations exhibit

many of the features of grain gro\\1h. One of the important and striking similarities i5

that the scaling behavior for the grain size distribution i5 characterized by an

approximately log-normal foml. The normalized grain size distribution. f(Rlli) is

found to be time invariant.lo p~ak at R, R=1 and to have an uppercut-orfat RjR =2.7.

The variation in mean grain size ( il ) with time (1) is found to obey the gro\'f1h law
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(2.8)

where, n is the grain growth exponent, and Cl is a constant. Most often the value of n

from the simulation is found to be -2. Another significant success of the simulation

method is the observed stability of the grain size distribution under perturbatiqns. [108].

Sometimes very large grains introduced into the microstructure are found to grow at

rates sIower than the average gro""th and hence are included back inta the equilibriurn

grain size distribution.

Another significant aehievement in this area of research is the inclusion of texture by

Tavernier and Szpunar [114.115]. These authors diseuss texture development during

nucleation and grain gro\\1h using Monte-Carlo methods~ although the grain growth

model has used only a semi-~mpirical concept of the energy of different grain

boundaries. Following these works. Hinz and Szpunar [15] offered a more robust

Monte-Carlo model with full description of texture and microstructure and facilities for

incorporation of anisotropie mobility and grain boundary energy depending on the

nlisorientation of the grain boundary. This modified framework of simulation is

discussed in the next section.

- 2.7.2. J~lodijied 1"10Ilte-Carlo FranteJl,'orkfor grain growllz

The ~-tonte-Carlo works pn:s~nlcJ lln grain gro\\1h in the previous section § 2.7.1 has

been approached from the traditional lramcwork of a Q-stage statistical model quenched

to sufflciently lo\\" temperatures to cnsure the gro\\1h of domains. This is a formalism.

which features nonzero prohahilitics tor domains ta nucleate within pre-existing

domains at finite temperatur~s. Sinc~ this feature is undesirable in a macroscopic

description of grain gro\\1h. Hinz and Szpunar [15] proposed a more robust framework

for grain gro\\1h. These authors argue that the Monte-Carlo spin-flip kinetics are

originally introduced with the intent of physically modeling the actions of statistical
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fluctuations as they drive atomic systems toward thermal equilibrium. As such~ the

randomness inherent in the Monte-Carlo method and the fonn of the transition mies it

employs, are ail essential ingredients of the formaIism in that they guarantee randomized

Boltzmann distributions of the microscopie energy states. On the other hand. using

Turnbull's Theory [116] as a basis for modeling boundary migration, Hinz and Szpunar

[15] argue that the role of temperature .and hence the fluctuation is limited to merely

detennining the rate of motion of a boundary and not its course. The boundary motions

are assumed to be deterministic resulting from the collective motions of many atoms. As

such. the randomness of the Monte-Carlo method can be exploited here as a tool to

sample the otherwise untenable system of individual motions of the interacting

boundaries. Fluctuations accordingly have no essential physical raIe to play and as such

are an unnecessary ingredient of the formalism. These considerations should provide an

adequate basis from which to distinguish between the microscopie theory of the

traditional statistical fonnalism and the more pragmatic approach to the macroscopic

grain gra\\lh problem at hand.

•

•
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ln this light. Hinz and Szpunar (15) fonnulated their model by partitianing the

microstructure into a set of discr~te points on a lauice whose sites are labeled i and each

site is assigned one of th~ Q statt: labds. a,. where a, = 1.2.. .Q. Then the rate of

transition from state a, to statc h. is appropriatdy gi\·en by

(2.9)

•

Here. .\10/.1> is mobility parametc:r. rh~ Kronecker delta ii
l1
,,,, restricts the possible tinal

state h, ta those of the J\P nc:arc:st-ncighbor lanice sites. As in the traditional framework.

grains are defined as domains of similarly labeled sites on the lanice and the site

energies are given as SUffiS o'"c:r the interaction energies between dissimilar neighboring

sites as previously given in c:quation (2.6). The form. the probabilities that determine the

transitions bet\\"een states. are necessarily madified from the Metropalis fonn [113].
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which would guarantee an approach to equilibrium ln the traditional statistical

framework, to the more appropriate form as

. E.'t >Ea1 •

(2.10)

. Here, 1] is fluctuation parameter. Now. the uphill energy fluctuations (refer equation

(2.1 0» are re-scaled in comparison to the traditional case (refer equation (2.7» so that

they affect baundaries of high and low energies equally; the Low energy boundaries are

no more disrupted than the high energy ones. The presence of fluctuations really just

aids to overcome any geometrical restrictions that might be imposed by the discrete

nature of the lattice and as such is not directly connected with any temperature-related

process [15]. The temperature T is Iimited ta determining the mobility constants Ma h '
1 1

which themselves reflect the rates of the atomic processes that stimulate the boundary

displacement.

Apart from the modification on th~ spin-l1ip probability. this 3-dimensional computer

model uses a 3-dimensional hon~ycomb lanice structure. The grain topology and

structure of the eomput~r specim~n is discussed in the tollowing section.

2.7.3. COllrputer presentatioll ofn,;crostructllre alld textllre

The three-dimensional honeycomb lanice structure employed by Hinz and Szpunar [15]

in thdr modifi~d ~lonte-CarlllmuJd ha-... 1~ nearcst neighbors in arder to minimize the

anisotropie effeet arising fronl the '-=llarse:ncss of the lattice. Throughout this thesis work.

the eomputt:r models employc.:d use: the: sanl~ lanice structure. This polygonal structure

can be described by the following basis vcctors [15]

1
(2.11 )
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Thus the resulting transitional vectors are
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(2.12)

1

The assumption of .lVa=71 ~ Nb=82 and .~c=87 w~uld give an approximate cubic geortl~t~

of the computer specimen witli total numb~r of Na Nb Ne =506514 lanice sites. This

number of lanice sites provides a practical yet possibly sufficient cubic geometry to

prevent most of the adverse effects of finite lattice size. The periodic boundary

conditions are assumed along each of the basis vector directions. An approximate cubic

geometry of the computer specimen with a total of 506514 lattice sites is divided into

1500 Voronoi grains that are generated by randomly choosing a set of unique sites on

the lanice to represent grain centers. Then by labeling lanice sites according ta the

nearest grain center. one generates a set of shapes that in the continuous limit approaches

a Voronoi distribution. The Voronoi distribution of cell volumes is really just a special

gamma distribution [15].

A quantitative description of grain orientation leads to the formalism of the Orientation

Distribution Flinctioll (GDF) [117]. For parameterization of grain orientation in terms

of three Euler angles tPl.$ and ~. th~ ODF represents the volume fraction of grains in

the specimen described by an orientation g and is defined by

(2.13 )

t

where .I{g)=1 tor a random textur~. Ilere the Euler angles ~I.<t> and rh are selected

according to Bunge's notation [117] and it is followed throughout this thesis. Texture

studies using Monte-Carlo modds arc specifically performed by ascribing orientation

parameters to the Iabeled grains in keeping with the relevant crystal symmetry. In

particular tor cubic crystallites. the 24-fold rotation symmetry implies that the Euler

angles describing the set of unique crystal orientations cao be restricted to the domain
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tan <I> sin;2 ~ 1,

tan <I> cos tP2 ~ 1,

O:ScI>:S~'
o:S ~t :S 21r,

Literature review

(2.14)

•

•

Within this domain! eaeh grain .is assigned [118] an appropriate grain orientation in

proportion to the experimental Orientation Distribution Function (ODF) by ignoring the

clustering and spatial relations. Once the orientation is assigned to the grains then grain

boundaries can be characterized by the misorientation angles. In cubie materials,

because of the symmetry. the relative rotations of the two grains can be deseribed in 24

different ways. It is conventional to describe the rotation by the smallest misorientation

angle S. Then the interaction parameter J
ol

b and mobility parameter l'v!Il b given in
: • 1 1

equations (2.6. 2.7~ 2.9 and 2.10) are calculated from the grain boundary energy and

activation energy of grain boundary selt:ditTusion respectively as a function of the

misorientation angle e.

2.7.4. A Ilote 011 con'pllter sinllllatiolls

In metalIurgy and mat~rials sci~nce. the use of computer methods to understand the

underlying mechanisms has increased in recent times. This is mainly due to the

complexity of the metallurgical problc:ms at hand and of course the increased speed of

computers. Once the real proc~sscs are successfully simulated, the reduction of

experimental effort. time and cost by cxt~nding the computer simulations to the practical

applications is weIl acknowledgco. So far the computer simulation for the development

of microstructure and texture is in its intàncy. The major problems are the inadequate

description of initial microstructur~ and texture of the computer specimen and

incomplete description of th~ anisotropic variables such as grain boundary energy.

stored energy and grain boundary mobility. Though the Monte-Carlo procedure

promises a striking future for the simulation of the development of microstructure and
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1

1

texture by facilitating the incorporation of complete topology of input microstructure~

texture and required anisotropy of the necessary variables, this procedure still faces

difficulties in representation of reai time. The time in Monte-Carlo procedure namely the

MeS (i.e., Monte-Carlo Step.. refer section § 2.7.1) can be however correlated to the real

time by an activation energy factor as discussed in section § 2.7.1. The description

might get complicated for the system with full description of anisotrop.ic" variables'

related to the grain boundary migration.

The positive side of these computer simulation approaches is that it allows us to test

various theories and derive possible conclusions from the simulated results in an

inexpensive way. where the in-depth experimental work is neither possible nor reliable.

One cannot expect. at the present condition in this research field. to obtain exact

simulation of real situations. Funher research is needed in this area during the decades ta

come. As suggested above. the computer simulation procedures for the development of

microstructure and texture are at th~ir infancy. However, these procedures can be

successfully employed to test th~ tht=ories by comparing the trends in the simulated

results with experimental obser\"ations. Throughout this thesis, the tvlonte-Carlo

procedures are used to test th~ ability and credibility of various proposed theories and

mechanisms by comparing the trends of the simulated results with the experimental

obsen"ations.

2.8. SC'I~IAR\'

In this chapter. the basic microslru'tural Icatures of the deformed state are reviewed.

The subgrain structure of th~ Jt:fllmlt:tl grains is discussed. as it is important to

understand the origin of nuclei during recrystallization. The basic rules of primary

recrystallization are presented. Th~ imponancc ofanisotropie grain boundary energy and

mobility and the stored energy for the nucleation and growth is discussed. The fact that

the abnormal grain gro\\th is initiated only when the normal grain growth is hindered in

a primary recrystallized matrix has been explained. The review of annealing processes
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1

provides a discussion on thermal stability of nanocrystalline materials with a special

focus on the Ni alloy electrodeposits.

As the research work presented this thesis focuses on the application of Monte-Carlo

simulation to annealing process.. the detailed reviews on basic and modified Monte

Carlo frameworks are provided. This is then followed by the "description of how the

microstructure and texture are incorporated in the computer specimens. Finally a note on

both positive and negative points of such Monte-Carlo models is included.

The developed Monte-Carlo framework is applied to tbree different metallurgical

situations in this thesis. These are:

Primary recrystallization ofheavily defonned aluminum (Chapter 3)

Secondary recrystallization in Fe-3% Si steels (Chapter 4) and

The (Ill) and (100) fiber texture competition in nanocrystalline Ni and Ni-Fe

electrodeposits (Chapter 5).
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Chapter 3

RECRYSTALLIZATION OF CAN-BODY
ALUMINUMALLOY -APPLICATION (1)

The pUl-pose of this chapter is to apply the ~tonte-Carlo computer model to the primary

recrystallization of heavily cold roIl~d can-body aluminum alloy AA31 04. This model

predicls the microstructure and texture changes during primaI")' recrystaIIization of the

aluminum alloy by taking the cold roll~d texture and stored energy values as input. The

section § 3.1 provides the gencral introduction to the recrystallization of aluminum. This

is tàlIowed by the section (* 3.2) on the measurement orientation dependent stored

energy. The results ofth~se mcasuremcnts are discussed in the subsections § 3.2.4 and §

3.2.5.

Analysis of the measured texture and llri~ntation dependent stored energy for deducing

conditions for the nucleation of rC'-=f) stallization is provided in sections § 3.3 and § 3.4.

Following nucleation conditions. the gru\\th model for the recrystallization of aluminum

is discussed in section § 3.5. Implementation of both nucleation and growth models in

the ~10nte-Carlo procedure is givcn in the section § 3.6. The discussion on the results

obtained from the Monte-Carlo simulation of recrystallization is provided in section §

3.7. Finally. the summary ofChaptcr 3 is given in the section § 3.8
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3.1. INTRODUCTION TO RECRYSTALLIZATION OF ALUMINUM

In materials having high staclông fault energy such as Al, the formation of new

orientations by recrystallization twinning does not play an important role. Thus, the

sources of nuclei are the existing subgrains or cells in the defonned microstructure~ as

discussed previously in section § 2.4.3. Therefore~ before discussing the 

recrystallization, one should understand the details 'of cold rolled texture. microstructure

and stored energy distribution. During cold rolling, the initial microstructure is

transformed into a band-like structure (section § 2.2). The orientation distribution

function (ODF) of 88% cold rolled can-body Al alloy (AA3104) using Bunge~s notation

[117] is given in Fig. 3.1. The chemical composition of the can-body Al alloy AA31 04

is 0.15-0.190/0 Cu_ 0.36-0.44% Fe 1.13-1.27%) Mg, 0.80-0.94% Mn, 0.17-0.23% Si,

<0.030/0 Cr, <0.03% V and remaining Al. The rolling texture essentially consists of the

~-fiber running from the copper. ·C· orientation {1l2}<111> through the 'S' orientation

{123}<634> to the brass. -B' orientation ~011 }<211>.

ContourLevelS 10 30 50 70 gO 11.0

Fig. 3.1. Orientation distribution function (ODF) of 88% cold
rolled can..bod~· aluminum AA3104

42



Chapter 3 Primary recrystallization ofaluminum

1

1

1

During recovery the microband structure is transfonned into a structure that consists of

fairly globular subgrains [IJ 19,120]. Owing to the high stacking fault energy, 166

mJm-2 in Al [1], such recovery in most of the Al alloys occurs readily. Subsequently.. the

coarsening of the subgrains takes place. During the subgrain growth the misorientation

between the neighbors increases [84]. Though there is a noticeable change in the

microstructure at a submicroscopic_ Ievel, n~t much change in the- texture is ùsuaI~y

observed except that the intenslties ofdeformation texture components alter slightly.

Recovery of a deformed metaI takes place at temperatures below the recrystaIlization

temperature and during the initial stages of the annealing at high temperatures. As

discussed in the section § 2.4.1. the recrystallization process usually shows an incubation

period at the beginning. It is then followed by an increased rate of nucleation and

groVoth. Finally. the rate of recrystallization is decreased due to the impingement of

groVo'ing grains. As far as the change in texture during recrystallization is concemed., the

rate of nucIeation of particular orientation may be dependent on both the cold

defonnation texture and the texture 0 f the material before the coId defonnation [121]. In

metallic materials. prior to cohl roHing. usually hot roHing is carried out to have high

percentage reduction of thickness. After the hot rolling. the materiai is subjected to

annealing in order to homogcnize properties such as grain size and yield strength

thraugh out the sheet. It is then followed by cold roHing and annealing ta achieve

desirable properties with final dimensional requirements. In aluminum alloys .. Siade and

t\'10rris [122] have shown that diftèrcnccs in the texture formed after hot roUing and

ann~aling lcad to dirte:rcnct:s in r~l:~ stallization kinetics \\"hen the material is

subsequently cold rolkd anJ anncalt:d. This observation suggests that the

recrystallization behaviar will he an~cted not only by the orientations present after cold

rolling. but aiso by the orientations present before cold rolling. The "strain path history"

[1] affects both the stored encrgy and heterogeneities of the microstructure and thus

apparently identical texture components may recrystallize quite differently. The ~'strain

path history" is the path taken by an orientation during deformation to reach a final

orientation at the end of defonnation. These phenomena result in different stored energy

values for each orientation in the microstructure. This implies the importance of stored
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energy as a function of crystal orientation for the understanding of recrystallization. The

following section presents the detailed discussion of stored energy measurement in the

can-body aluminum alloy and these stored energy values will eventually be used in the

simulation of recrystallization.

3.2. MEASUREMENT OF ORIENTATION DEPENDENT STORED ENERGY

Recrystallization of defonned metallic materials starts with the nuc1eation of new grains

and their subsequent growth into the deformed matrix. The major driving force for both

the nucleation and gro\\'th during primary recrystallization is the energy stored after

defonnation. The stored energy is a smaIl percentage of the energy expended in

deforming a metaL which remains stored in the metai and causes an increase in the

internaI energy. This increment in internaI energy is associated with the defects, mainly

dislocations generated during deformation. The process of defects production and

interaction between defects is expected to be different for different grain orientations.

Thus. the stored energy is different for different crystallographic orientations. The

following sections discuss in detail the necessary review of the subject~ theoretical and

experimental techniques of measurement oforientation-dependent stored energy.

3.2./. l''trodllctio,, ta orielltalion depelldellt slored ellerg)'

Various attempts have be~n made by numerous researchers [36-38] to evaluate the

stored energy by measuring th~ brllad~ning of X-ray and neutron diffraction lines. It

was also pointed out that th~ subgrain size and misorientation [29.39] between grains

would pro\'ide a measure of stort~d energy in a defonned matrix. Though these methods

are very useful~ the)' are restricted to a few specifie orientations. Kallend and Huang [40]

and Rajmohan et al [41] proposed a more general method which ean be used to

dett:rmine the stored energy for a much wider range of orientations using X-ray and

neutron diffraction methods respectively. These works were earried out on copper [40]

and interstitial free steel [41 J. The present work is foeused on the determination of

stored energy in a can body aluminum alloy whieh is cold rolled ta 88%. The stored
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•

energy is aIso measured in the same specimen that is stress relieved at 2000 C for 15

minutes. These measurements are undertaken~ aiming to study the mechanism that

govems the nucleation and growth ofcube texture in this aIuminum alloy.

One has to understand, however. that the method used in the present work to measure

the stored energy reveals only a part of the energy stored. during the. deformation

process. This method mainly measures the inhomogeneous lanice strain energy~ which

is short-range in nature and is not related ta the long-range lanice strain energy. The

inhomogeneous lanice strains that are caused by the lanice defects such as dislocations

and point defects tend to broaden the diffraction peaks and this broadening depends on

the anisotropie defonnation characteristics of the grains in the polycrystalline matrix.

This inhomogeneous lattice strain is the one that is very important for the prediction of

recrystallization behavior during subsequent annealing. Unlike the short-range lanice

strain energy, the long-range lattic~ strain energy shifts the diffraction peak depending

on the nature of the existing strain.

Earlier stored energy data \\'~re obtain~d using the calorimetrie technique [30J23]. By

calorimetrie method. Al (9<).98°'0) detormed by compression to a strain of 0.6 was found

to have 31 J/g atom ofstored cncrgy [35.124]. The release ofstored energy during stress

relieving is around 13 J/g atom. Th~ remaining stored energy is released during the

recrystallization stage. In this technique the demarcation between stress relieved and

recrystallized stages is not always c1car and it has to be supported by the microstructure

analysis. Il is also possibl~ that th~ rcactions like transformation of one phase to another

(e.g.. dissolution of preeipitat~s) might take place during the measurement and thus

affect the tinal result. This tt:chni4uc: gi\'e:s the total stored energy. which is always

higher than the energy prediet~d hy the: X-ray and neutron diffraction measurement.

This is mainly b~cause during th~ calorimetrie measurement. rearrangement of the

dislocations and point detèets oceur and the density of these defects drastically

decreases. The measured heat energy probably represents the energy associated with

long-range lattice strain energy as well. On the contrary~ the X-ray and neutron
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1 diffraction techniques do not alter the defect structure in the matrix and also provide

important information such as stored energy as a function of crystallographic

orientation. This infonnation is very useful for the prediction of texture development in

a defonned matrix during primary recrystallization.

3.2.2. Mathematical techniquefor tl,e Ineasurement ofstoreienergy .

As mentioned previously [40,41]. a scattered beam carries the average information from

aIl the grains satisfying the diffraction condition. Let the stored energy in a grain with an

orientation that is represented by the Euler angles tPl,<I> and (J2 as in Bunge"s notation

[117] is E(~,"cD .. q}!). The measured value of energy for the jth scattering vector

El (a"P) is then represented by

JE( tP1•cIl. ~~ )f(~I • $.;;: )C!p

E/a.p) = Pt J
f( ~I'$. (J~ )dp

r.

(3.1 )

p. denotes the path through Euler Space corresponding to a rotation of 21t about the

scauering vector and f(~I.<I>.q):) is the orientation distribution function (ODF).

The ODF and pole figure ,/ (a.fll an: rdatt:d through the following formula

(3.1)
P,

Equation (3.1) can be rearranged using equation (3.2) as follows

1 E, (a "P)q 1(a. P) = JE(ç6 1• cIl. (J ~ l.f(~ 1• et>•~! )dp
P.

(3.3)
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1 The Ej and 'lj in equation (3.3), are measurable quantities. Using standard procedures

[118,125], the product E(tPl ,C1>';2)f(tP, ,C1>,ç62) can be calculated. Finally with the ODF

as a known parameter, E(tPl' <1>';2) can be calculated.

The stored energy on a pole .figure space, E
J
(a..fJ) is calculated from the Stibitz

procedure [126,127] as given below:'

Here ~lkl and V hJc1 are the directionally dependent Young's Modulus and Poisson's ratio

respectively. The lanice strain (Ad. d) was calculated according to the formula

• ~d B
-=--
d 2 tanB

(3.4)

(3.5)

Here B is the effecti\'C: broadcning. This is calculated from the measured full width al

half-maximum \'alu~s of the dctonncd and ret~œnce specimens as belo\\i:

(3.6)

•

\l/here BJ and Br are the mcasurcd values of full width at half-maximum of the

deformed and reference specim~ns n:spcctively. This is carried out to eliminate the

instrumental broadening. These full \\ iJth at half-maximum can be determined by fitting

th~ diffraction peaks with Gaussian distribution.

Few problems are encountered using this diffraction technique in practice. For example.

the strain energy distribution in rcal conditions may not necessarily be isotropie. The

grains possessing symmetrical orientations (e.g. (200) and (002) planes) may have

different strain energy distribution. Since the X-ray beam cannot differentiate between
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these cases, the crystal symmetry is imposed on the results [40], which means that the

stored energy is averaged out over the symmetrical orientations. In a strongly textured

sample, there are usually regions of very low or zero intensity in the pole figure.

Therefore it is difficult to obtain statistically reliable half-width values at these locations

and the stored energy values are not reliable in the corresponding regions in Euler space.

. 3.2.3. Experimental techniquefor tl,e measurement ofstored energy

A can body aluminum sheet \\'ith a final thickness of - 0.3 mm after a coId roHing

reduction of 88% is used for the investigation. The chemical composition for AA31 04 is

0.15-0.19% Cu~ 0.36-0.44% Fe 1.13-1.27%> Mg, 0.80-0.94% Mn. 0.17-0.23% Si.

<0.030/0 Cr, <0.03% V and remaining Al. The grain size before the 88% cold roHing is

-20 micrometers. In order to compare the stored energy values before and after stress

relieving. the cold roUed specimen is stress relieved at 2000 C for 15 minutes. The

reference diffraction peaks are obtained from the fuHy annealed and random powder

specimens.

ln general. the reference specimen could be a fully annealed specimen. If the fully

annealed specimen is highly t~xturcd. a random specimen prepared from powder is

preferable. This random specimen should passes a density very close to that of the

conventional polycrystallinc: mat~rial and should be sintered for longer time to ensure no

residual str~ss due to compa'tilm. Finall~ th~ grain size should be in the micron scale in

ord~r to a\'oid the int~rt~rcn'c l,r gr~in sizc: broadening with the lanice strain

broadening. The tùlly annealed s~,imcn is obtained by annealing the rolled specimen al

4000 C for 30 minutes. The random s~dmcn is prepared from the aluminum powder of

a\'erage size of -10 microrneter. compactcd and sintered ta 5500 C in argon atmosphere

for over 1 hour. AlI the specimens \\~n: polished to the mid-section and electropolished

using standard perchloric acid solution.
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1 For the roUed, stress relieved, fully annealed and sintered specimens {Ill} ~ {200} and

{220} pole figures were measured using Siemen's texture diffractometer. The

orientation distribution function (ODF) is then calculated using a discrete method

proposed by Imhof [128-130]. The line broadening was measured at points on a polar

grid having a spacing of 100 between points as shawn in Fig. 3.2 for {Ill} and {200}

diffraction. The obtained diffraction curves were then fitted with Gaussiarr distribùtipns

to determine the full \\'idth at half-maximum values. The error in the full width at half

maximum value was high for the diffraction peaks with low signal ta noise ratio. The

error in the peak values are also observed ta be high for the polar angle, a. (in the pole

figure space) above 700 and remains approximately constant for the azimuthal angle, ~

for any constant Œ. For the case of lo\\" a. values, the full width half maximum (FWHM)

are about 0.41 0 ± 0.01 for the 88% cold rolled specimen. The instrumental broadening is

corrected using reference specimens. The relevant orientation dependent Young's

module values and Poisson's ratios are taken from Ref. [131] and [132].

• Fig. 3.2.
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3.2.4. Results ofstored energy measurement on aluminum

The ODFs that are caIculated for both rolled and stress relieved specimens are identical.

The caIculated ODF of 88% cold roUed can body aIuniinurn specimen ois aIready shown

-in Fig. 3.1. The Figs. 3.3 and 3.4"are the stored energy distribution functions (SEDFs) of

cold rolled and stress relieved specimens. In these SEDFs, the stored energy values are

not presented for the orientations that are poody represented, specifically for the

orientations that have values below the random intensity vaIue. These orientations have

regions of zero or nearly zero intensities in a highly textured matrix and therefore

calculated SEDF will be statistically unreliable. The error in the stored energy values as

a function ofODF intensity is similar to the one presented in our previous wérk [41]. As

ODF intensity decreases. the error in the stored energy value increases.

From the stored energy values (refer Fig. 3.3). it is observed that the maximum stored

energy of 76.9 J/g-atom is at the orientation \\"ith Euler angles of (>1" cD and tP2 equal to

60°. 45 Q and 70° respectively. The n~Xl highest value of stored energy of 1'1..7 J/g-atom

is found for the orientation ,pl = 25°. <l> = 30° and rP2 = 0°. The lowest stored energy of

1.8 J/g-atom corresponds ta the Goss i.e... {110 }<OO 1> orientation. The recrystallization

cubic"texture component name1y {lOO}<OOl> has an average stored energy of 13.6 J/g

atom.

Alter stœss relieving for 15 minutes al 200°(. the lowest stored energy of 0.1 and 0.01

J!g-atom is found (refer Fig. 3.-H for the orientation {llO}<OOl> (Goss) and

~310}<001> respectively. Th~ cubic orientation has the stored energy of6.3 to 6.7 J/g

atom. The highest stored energy of :> 60 J/g-atom is observed again in the orientation

with Euler angles rP. = 60°, et> = ..J5° and ,p2 =70° and (JI =25°, cI> = 30° and tP2 =0°.
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1

Contour Levels. 5.0 15.0 25,0 350 450 J.'g.-atom

D < 1 x Random intensif\'

Fig. 3.3. Stored ener~' distribution function for 88% cold rolled AA3104
can-body aluminum

The Table 3.1 summarizes th~ important orientations that are commonly observed in

both roUed and stress relie\'ed aluminum specimens and their stored energy values. The

roUing texture components of aluminum (such as S, Copper or C and Brass or B) lose

part orthe stored energy after stress rclie\'ing for 15 minutes at 200°C but the magnitude

of stored energy reduction is more tor cube texture component. The cube texture

component has a stored energy of 13.5 l/g-atom after rolling and releases the energy of

about 7.2 l/g-atom during stress relieving. The other recrystallization texture
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components such as Goss (or G) and Cubew (rotated cube along the rolling direction)

reach the lowest stored energy value of0.01 to 0.1 J/g-atom after stress relieving.

Contour Levels: 5.0 15.0 25.0 35.0 45.0 J/g-atom

D < 1 x Random mtenslty

Fig. 3.-.. Stored energy distribution function for stress relieved AA3104 cao
body aluminum at 200°C for 15 minutes after 88% coId rolling

Tht: rt:crystallization texturt:s such as cube. cubeRD (rotated cube along the rolling

direction) and Gass lie on tht: < 100> direction. \vhich runs along the <Il axis at tPl = 0° on

t/J~ = 0° section in Euler spact:. To have a better idea about how the stress relieving

affects the stored energy of the recrystallization texture in aluminum alloys, it would be
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useful ta plot the stored energy along <100> direction in the SEDF section of tP"l = 0° for

both deformed and stress relieved specimens as in Fig. 3.5. The intensity of the various

texture components of the rolled specimen is aIso ploned aIong <100> fiber in Fig. 3.5.

Among the texture components shawn in the plot, the Goss companent has the highest

intensity of 2.5. The cubeRD and ideal cube texture components have the intensity of 2

and 1.17. The stored energy of G-component goes from 1.9 to 0.1 J/g-atom aS the rollèd

specimen is stress relieved whereas the cubeRD texture component decreases to 0.01

from 3.6 J/g-atom.
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Fig. 3.5. ODF intensity and stored energy after 88% rolling and
subsequent stress relie"ing of AA3104 can-body aluminum along
<001> direction in ,~=Oo section

1

53



Chapter 3 Primary recrystallization ofaluminum

Table 3.1. Stored energy values of selected orientation in 88% rolled and stress
relieved (200°C, 15 minutes) can-body aluminum sheet AA3104.

Stored energy (J/g-atom)

Orientation +1 <J) +2 Intensity
after after stress.

deformation relieving

Cube 0 0 0 1.14 13.6 6.4
90 0 0 1.16 13.4 6.3

0 90 0 1.17 13.5 6.7
-~-

90 90 0 1.17 13.5 6.7

--
Cube(RD) 0 20 0 2 3.6 0.01

0 20 90 2 3.6 0.01

-
Cube(ND) 20 0 0 0.39 7.5 3.0

20 0 90 0.45 6.8 3.1

-- -~

Goss 0 45 a 2.48 1.9 0.1
90 90 45 2.29 1.8 0.1

- ------~-+- .........._- ----- ~- -- -
Copper 90 30 45 11.28 8.2 5.04

---------- - -

S 60 35 65 9.42 4.7 2.52
- -- . - -- - - - -
R 55 35 60 6.06 4.6 2.64

--_.---- ---- - -- ~~-

Brass 35 45 90 10.65 3.2 1.16
-~ --~~ - ~~- ----- r---- ------- c-- -

The well-kno\'.n fcc roHing tc:xtur~ compon~nt namely p-fiber is presented in Fig. 3.6 as

a 3-dimensional plot. The p-fiber runs from the copper orientation C {112}<111>

through the S orientation {123: <63..J '> ta the brass orientation B {O Il }<211 >. The

positions of these orientations are markc:d in Fig. 3.6. The stored energy release during

stress rdie\'ing alang p-tiber can bc analyzed more clearly from the plot shown in Fig.

3.7. In this plot. the stored ent:rgy is represented as a function of ifJ2 angles with SO

intervals from 4S-90°. which corresponds to the lower part of the p-fiber shown in the
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Fig. 3.6. The stored energy is presented for the orientations with the highest (3-fiber

intensity on each (J2 section given in the abscissa The intensity varies from 11.4 to 9.6

times the random intensity along the (3-fiber. From Fig. 3.7~ it can be seen that the

highest stored energy along ~-fiber after cold rolling is 8.2 l/g-atom that corresponds to

the C component and it is 40% less than the stored energy of the cube texture

component. The minimum stor~d energy after oroHing along the ~-fiber is 3002 J/g-atom

for (JI = 55°, cI> = 35° and (J~ = 65° and is close to S component. Whereas. the actual S

component namely~ (JI = 60°, <1> =35° and (J! = 65° has a stored energy value of 4.7 l/g-

atom.

Fig. 3.6 Schematic rcpresentation of the fcc rolling texture in the
3·dimensional Euler angle space {aCter Hirsch and Lucke [21 D

The cold roUed aluminum spccimc:n also shows a partial a-fiber. which extends from G

component ta B-componenl. Tht: Fig. 3.8 sho\vs the stored energy along the a-fiber for

both roUed and stress relie,oed specimen. The reduction in stored energy after stress

relie\'ing along this partial a-fiber mildly fluctuates between 1.8 to 2.6 with an average

value of 2.2 J/g-atom. The stored energy slowly increases along the partial a-tiber with
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little fluctuations as f/l l increases from 0° to 35° for both rolled and stress relieved

aluminum specimens. On the contrary~ the defonnation texture intensity increases

drasticallyas t/Jl increases from G-component to B-component. Generally, it is observed

that the reduction in stored energy after stress relieving is higher for cube component

than the defonnation texture components.
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Stored energy ·2
stress relie'oed

o 0
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+
C-companent
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S- component
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~ 2 (degree)

Fig. 3.7. Calculated stored energ)' along ~-fiber for rolled and stress
relie\'ed can-body aluminum AA3104 (see text for more
information)

•

In aH the discussion presented abo\'~ the calculated stored energy values at exact

orientations in the orientation space are considered. For example, the stored energy

value for the cube orientation is taken at Euler angles f/ll = 0°, <1> = 0° and rP"! = 0°. The

Euler angles for sorne other orientations are given in Table 3.1. In practice one would

prefer however to identify an ideal texture by accepting a deviation of few degrees from

the ideal orientation. Therefore. the study of scatter in the stored energy as a function of
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angle deviation from the ideal orientation for the cube, C, B and S texture components is

useful. As the scatter plays an important raie in the nucleation and growth observed

during recrystallization aluminum, the detailed discussion about this is given under

recrystallization model (section § 3.4.1).
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t "1 (degree) t
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Fig. 3.8. Calculated storcd energy along a-liber (~2=90° section) for rolled
and stress relic"ed can-body aluminum AA3104

3.2.5. Comparison oftire slored ellergy witll Taylor factor

•

Discussing the results oblain~d. onc has 10 address a relationship between the measured

stored energy and the Taylor factor. [t is weil known that the strain fields associated with

dislocations are predominantly rcsponsible for the stored strain energy. Therefore, the

measured stored energy is usually compared with the Taylor factor [133]. which is a

measure of resistance ta plastic ddormation. Usually the assumption is made that

increase in the Taylor factor increases the stored energy. The measured stored energy
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•

values shows that this increasing trend is not observed for the orientations with high

Taylor factor values [40,41]. Kallend and Huang [40] reported that the measured stored

energy values for 50% cold rolled Cu show an increasing trend ooly up to the Taylor

factor vaIue of -4.4 and then start to decrease. This behavior reflects the fact that the

Taylor model oversimplifies the deformation of polycrystalline metaIs by assuming a

hornogeneous defonnation of all the crystallites in .the matrix" But in. practice, _duri~g

defonnation materials undergo inhomogeneous deformation to an extend of producing

well-defined microstructural features like shear bands. More recently, it was reported

that for the 80% cold rolled interstitial free steel [41], the orientation {110}<011> Y.1th a

very high Taylor factor value (-4.3) has a very low stored energy. This aIso supports the

statement that the assumption ofhomogeneous deformation made in the Taylor model is

not universally true. Such inhomogeneous deformation is reported by Vanderschueren

[4Ia]~ who observed that the shape of sorne of the high Taylor factor grains with

orientation such as {1 10}<0 Il > haye equiaxed shape even after 80% defonnation. Aiso

in the present paper. the high Taylor factor orientation {II O} <0 II> has a stored energy

value of 5.39 J/g atom. whereas the lo\\" Taylor factor cube orientation (rPl = 0°, <il = 00

and </J~ = 0°) has a stored energy value of 13.6 J/g atom. 8ecause the resistance to

defonnation of the high Taylor factor grains is much larger than that of their neighbors

of other orientations. most of the deformation work might be expended on defonning the

relatively softer neighboring grains.

50 far in this chapter. thc fllCUS is Ji\ ~rtcd to the measurement of orientation-dependent

stored energy. \\-hich is. as mcntillncJ ~arlicr. one of the important parameters to be

considered for the study of dc\ dllpm~nt of recrystallization mode!. The main goal of

this chapter is to discuss the ~tontc:-Carlo simulation of recrystallization of aluminuffi.

To achie\'e the goal. the texture and storcd energy analysis, which have been carried out

to understand the nucleation and gro\\1h mechanisms, are discussed in the following

sections.
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•

3.3. ANALYSIS OF TEXTURE OF COLD ROLLED ALUMINUM FOR

NUCLATION MODEL

Before discussing the texture analysis, it is important to recapîtulate the texture

information of the defonned matrix. The orientation distribution function (ODF)

calculated from the measured (.l10). Cl 00) and (Ill) pole figures of 88°ib' cC?ld rolled

can-body aluminum alloy (AA3104) using x-ray in Siemens diffractometer has been

aIready given in Fig. 3.1. It was also discussed in the section § 3.1 that the ODF shows

the typical aluminum cold rolled texture [l, 18~120] with characteristic B~ S and C

texture components of p-fiber and partial a-fiber~ the latter runs from Goss ·G~

componen! ta B texture component.

3.3.1. Modelofmicrostructure usedfor cold rolled texture allalysis

TexturaI analysis is carried out using a computer specimen that was discretized with

sites having 3-dimensionaI honeycomb lattice structure as given in section § 2.7.3 (Hinz

and Szpunar [15]). The described 3-dimensional honeycomb lattice sites have 12 nearest

neighbors. In the present wllrk. in ordt:r to have an approximate 88°ib cold rolled

specimen geometry: the numht:r of sitt:s spe,ilied along the specimen co-ordinate axes

RD. TD and ND are 568. 82 and Il r~spe:l:li\·dy. Here. RD. TD and ND denote rolling,

transverse and normal dir~l:tillns r~sp~cti\·dy. In this lattice. 500 Voronoi grains have

been generated and elongat~d in prllp\.lnion to the cold rolling reduction of the specimen.

The aspect ratio orthe grains in th~ Jir~~tillOS RD:TD is 8:1. and in the direction RD:ND

is 64: 1 in terms of lanice sites. Th~ Jimc:nsions of the elongated grains are between 2-5

~m along the ND. 5-18 Jlm along rD and 50-150 Ilm along RD. These dimensions

determine the length of computer specimen lanice site as -1.5 J-lm. The site size of 1.5

~m can he considered as an obscr\'cd sizc ofa nucleus [134]. The grain orientations are

assigned in agreement with thc ODF of cold-rolh:~d specimen as described by Morawiec

et al. [118]. Though here the orientation is distributed assuming a random correlation

between grains. because of the nature: of the grain structure imposed on the computer
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specimen~ band-like features are observed. The orientation distribution of the initial

grains agrees with the experimental ODF.

In this computer specimen~ the deformation heterogeneity and subgrain structures are

not directIy incorporated. Ho\vever, each lanice site is assumed to have subgrain

structure. Nucleation is carried out by randomly choosing a lanice site and assuming that

the chosen site is associated with certain degreeofdeformation inhomogeneities in order

to give birth to a successful nucleus. Because each nucleus orientation is experimentally

observed to have a unique misorientation distribution [8], the location of each nucleus

orientation in the defonned matrix is of great importance. The growth kinetics of each

nucleus depends on the grain boundaries it has with the surrounding cold rolled matrix.

Therefore~ by preserving this unique misorientation distribution for each nucleus

orientation in the computer specimen. a gro\Vth model can be built. The following

section focuses on the probability of nucleation of a particular orientation (g) and its

location in the computer specimen during annealing.

3.1.2. Probability ofal,"ailabi/ity ofa flllc/ellS orielltation

After detining the cold rolled gram structure and texture as explained before. the

nucleation experiment is condu~ted. As mentioned earlier. the orientation of the nucleus

cornes from the pre-existing subgrains in the deformed matrix. Thus. as a first ruIe, one

can assume that the number of nc\\ grains with certain orientation g is proportianal ta

the ODF intensity. .tfgJ of that llric:ntation found in the cold ralled matrix. This

assumption can be: mathematicall~ cxprc:sscd as belo\\":

(3.7)

Here. n(g) is the number of nuclc:i. This assumption will yield an approximately identical

recrystallization texture to that of the detormed texture. To begin with, 4000 nuclei with

orientations generated according 10 cquation (3.7) are randomly placed in the computer
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t

l

specimen. Then the average misorientation distribution function (MODF) is computed

by grouping similar nucleus orientations together. Here, nucleus orientations are

categorized into three groups: ~cube', ~rolling~ (C + S + B) and ~random'. The random

orientation is simply every orientation deviated by more than 15° from the cube and

roHing components. The resulted misorientation distribution functions (MODF) for these

categories are given in Fig. 3.9(b). For comparison, the misorientation distribution
. . .

fonction (MODF) experimentaily measured. by Juul Jensen (8] is given in Fig. 3.9(a).

According to the histograms presented in Fig. 3.9(a) and (b), the calculated

misorientation distribution of cube texture is similar to that obtained from the

experimental observation [8]. On the contrary. the roHing and random does not compare

weB with the experimental data. This implies that the nucleation of new grains occurs

not randomly but in the restricted places in the cold roUed microstructure.

In arder to restrict the locations of nuclei.. a second mie of nucleation has been

introduced base on the argument that in the metals with high stacking fault energy like

aluminum. the nuclei originate from the pre-existing subgrains. Therefore in a defonned

grain. probability of finding a subgrain of similar orientation (to that deformed grain) is

high. Thus. it can be assumed that the probability of finding a nucleus orientation g

(hen:atier this probability will be: called probability of availability. Pjg) ) is high in the

similarly oriented regions of ddorm~d matrix. However in these regions. one cannot

rule out the possibility of tinding a completely different orientation of nuclei in a

\"icinity of deformation inhomog.ene:ilics lik~ transition and shear bands. where

nuc1e:alion olie:n tak~s place:. Thus. the prohability of availability of a nucleus Pll(g) wilh

an orientation g is presenlcd hy assuming a linear empirical function as in equation (3.8).

Pjg) = 1-0.01 58n-d (3.8)

•
Here. ()n-d is the misorientation bctween the orientation of the nucleus (gn) that is

assigned to the nucleation site and the original orientation (gd) that occupied the same
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Fig. 3.9. Computed misorientation angle distribution between nuclei of

various orientations and cold rolled matrix. (a) Juul Jensen's [231
observation, (b) for random nucleation, (c) with the nucleation
condition given by equation (3.7) & (3.8), and (d) with the
nucleation condition given by equation (3.7) & (3.9) (see text).
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site prior to the nucleation. The values of the constants are computed such that the

misorientation distribution around the nuclei of different orientation are close to the

experimental data ofJuul Jensen [8] (Fig. 3.9(a)).

To understand this assumption. one can imagine that each lanice site before nucleation is

composed of nlimerous subgrains. During annealing,' one of the subgrains .might gFOW

and becomes a successful nucleus. The orientation of the nucleus, gn that is generated by

the growth of subgrains may be close to the orientation gd or it can be different due to

the presence of deformation heterogeneity assumed in that site. From the equation (3.8).

the computed misorientation distributions of the generated nucleus orientations are given

in Fig. 3.9(c). These distributions are comparable with the experimentaI distributions [8]

given in Fig. 3.9(a). The distributions observed for cube and random after the

incorporation of Pa(g) seem to agree weil with the experimentaI observation. Though!

the distribution for the roHing component is slightly different, the trend in the calculated

distribution is cIosely related to th~ ~xperimental findings. A close observation of these

distributions reveals that nuclei with 'roHing' orientations seem to have a higher number

of boundaries with misorientation < 30°. This is cIearly evident in the Table 3.2, where

the average misorientution of th~ thr~~ main texture categories: namely cube, roUing and

random. ar~ gi\"en for comparison. Though th~ computed misorientation distributions for

these texture categori~s are comparabI~ to the experimentaHy observed distributions

(Fig. 3.9(a) and (c)}, th~ calculatcd a\·~rage misorientation angles deviates from the

experimental values (Tablè 3.2). :\ clos~ obser\"ation implies that if the intensity of an

orientation g in the cold roll~d matrix is strong. then the probability p(](g) is higher for

lower values of On.J than pœdict~J hy cquation (3.8). Furtherrnore, the p(](g) decreases

more drastically than gi\'en by c4uation (3.8) for the high values 8n-d. In addition

corrections are required to account for the fact that cube nuclei are not only generated

within cube bands but aise at transition bands of Copper (C) and ND-rotated copper

texture components [22]. Therefore, the probability of nucleation of cube component is

in fact higher than estimated by equation (3.8). These corrections are implemented in

equation (3.9) and is given below
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a = f(g)/ f max (cube) if
a=I if

f(g) > f ma" (cube)
f(g) ~ f ma, (cube)

(3.9)

t

,

Here, f(g) is the ODF intensity for the orientation g and fmax(cube) corresponds to the

maximum ODF intensity for the cube orientation. This assumption implies that the

probability of finding a nucleus with orientation corresponding to the roHing texture

components namely C, B and S is much higher in the neighborhood of the corresponding

roHing texture components than predicted by the equation (3.8). The misorientation

distribution obtained by applying equation (3.9) is given in Fig. 3.9(d) and the average

misorientation angle for this condition is also presented in the Table 3.2. Now both the

distributions and a\"erage misorientation angles are close to the experimental

observation.

By incorporating the rules mentioned abo\'e~ selection of location of a nucleation site for

any orientation can be made in tht: cold rolled matrix. The other important nucleation

parameter namely the nucleation rate: lor a given orientation~ /i(g). which decides the

number of ne\\· grains ,,"ith the gi\"cn orientation g. is expected to depend on the

magnitude: of the stored energy at the: cold rolled state and aise how fast the stored

energy is released during anncaling. For this purpose the measured stored energy

distribution (SEDF) of bath colc.l nlllcd and stress relived states are anaIyzed in the

fol1owing section.
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Table 3.2. Computed average misorientation angles between the nuclei of varions
orientations and the neighboring defonned grains under different
nucleation conditions (see text).

Texture Equation Equation Equation Equation (3.7), Equation (3.7), Experimental

components (3.7) (3.7) and (3.7) and (3.9) and with (3.9) and with obselVatiçn
(3.8) (3.9-) Sratio < 2.8 1.5<Sratlo<2.5 [8]

Cube 44.18 40.74 40.30 38.77 38.57 41.7

C 40.21 35.51 34.40 34.95 32.35 -
B 36.96 34.00 29.92 27.95 28.22 -
S 37.58 33.75 29.89 30.55 30.09 -

Rolling 38.09 34.39 31.14 30.94 30.36 29.8

-- ~--

Random 40.54 37.00 36.41 35.25 35.09 35.1--

3.4. STORED ENERGY A~ALYSIS FOR NUCLEATION MODEL

The orientation dependent stored en~rgy distributions are calculated from the x-ray

diffraction analysis for bath 88° 0 cold rollt:d and stress relieved states and are presented

in the section § 3.2.~. As m~ntioncd prc\'iously. the stored energy values are available

only for the orientations that arc abundantly present in the deformed specimen [40.41].

A detailed comparison of the slon:d encrgy "alues of important texture components

namely cube. p-fib~r and partial u-lihcr \\as discussed in section § 3.2.4. Generally. the

cube component has a higher ~tllreJ cncrg~ than lh~ rolling texture components. The C

component has a higher stor~d ~nerg~ than Band S components. Further discussion on

stored energy values is given in the tollo\\ ing section § 3.4.1.

As mentioned earlier in this ,haplcr. the ··slrain path history'· [1] affects both the stored

energy and heterogeneities of the: microstructure and thus often make the identical

texture components recrystallize in quite different fashion. The spread in the stored

energy data that \\·ere measured [40..1 1] seems to support this hypothesis.
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1.4.1. Spread in the stored energy values
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To illustrate the spread in the stored energy, the plots of stored energy (for the 880/0 cold

rolled, Scr(g) and stress relieved~ Ssr(g) conditions) as a function of angular deviation

from the ideal orientations of cube and rolling texture components (C. B and S) are 

presented in Fig. 3.10. In these plots the stored -energy values are presented for the

orientations that have the intensity values higher than 0.6 (refer Fig. 3.1). The Scr-sr(g) is

defined as the difference between the stored energies of bath cold rolled and stress

relieved states. The spread in the ratio, Srallo(g) defined in equation (3.10) is aIso given

in Fig. 3.10 for cube and rolling texture components.

(3.10)

This ratio. Srallo(g) can be a measurc: of how fast the orientation g can reach a Low stored

energy state during annealing to becomc: a possible nucleus. This ratio is always greater

than L as the S,,:r-srfg) can reach a maximum value of only Scr(g). Further discussion

conceming Srallo(gJ is gi\'en in the st:ction § 3A.2.

The method by which the points in thesc plots are generated can be explained by taking

cube orientation as an exampl~. Tht: spread of stored energy for cube orientation is_

plotted by calculating the misoricntation b~tween the cube and any orientation in the

Euler angle space l5°xSoxSo dis(n:tizcJL If the calculated misorientation is less than

150. then this orientation is acc~pt~d as the cube orientation and the corresponding

values of stared energy and the angular deviation (in degree) from the ideal cube

orientation are displayed. This m~thod is repeated until ail the orientations in the Euler

angle space are exhausted. A similar procedure is carried out for C. Band S orientation

components for cold rol1ed (SaJ and stress relieved (Ssr) conditions and also for SrallU

(Fig. 3.10). In the case of rolling texture components. a considerable number of

orientations do not release notic~able stored energy during stress relieving.
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In Fig. 3.10~ the stored energy SeT values are higher than 5 Jimoi observed for the cube

texture. The roHing texture components seem to have stored energy (Ser) values> -2

Jlmol. Among the rolling components, the number of orientations having stored energy,

Ser values less than 5 Jimoi is the smallest for the C and highest for B-component. The

stored energy values in all these components increaSe with angular· deviation.. After

'stress relieving at 1500 C for 15 minutes, the average stored energy value decreases for

all texture components. For the case of B and S texture components, most of the points

are very close to zero after stress relieving. In the case of plots for Srallo given in Fig.

3.10 (see the series of plots presented in the bottom row), the highest concentration of

points observed to be between 1.5 and 2.5 for cube component than the rolling texture

components. Therefore, this region must play a favorable role in the nucleation of cube

component. For B the scatter diagram of Srauo shows a concentration of points between 1

and 1.5 and for S~ the concentration of points is between 1 and 2.

3.4.2. Nue/ealion conditioll based 011 slored energy

As mentioned earlier. -'rululKJ gi"c:s the measure of how soon an orientation releases its

stored en~rgy and gels ready to nuch:at~ as a new grain in the deformed matrix. This can

be visualized by assuming lhat the deformed state is the initial stage. when time (in

arbitral}· units) FO. Let (fr he the lime lakcn for the material to stress relieve to astate

whcre the slored energy S=Str. It can he approximated that at this stage~ the material is

rcady 10 initiale nucleation upon furtht:r heating al a high temperature. By assuming

linear reduction of stOrt~d ~ncrg) during. recryslallization. the stored energy at any lime (

can be calculated as

(3.11)

•
By using a normalized time unil r=( /!>r' the equation (3.11) can be simplified as
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(3.12)

In this time scale, formation of the nucleus occurs only when 't > 1. Thus~ the stored

energy of an orientation g at -r=0 is Sclg) ~d at 'FI is SST(g). Therefore., the time tak~n

by an orientation g to reduce its stored energy to zero during recrystallization, ~"ué can be

arrived at by reducing the equation (3.12) for the condition when S=O and can be given

as below:

(3.13)

In the above approximation. it is assumed that an orientation is ready for nucleation

when the stored energy approaches zero and in the following discussion it will be called

as the zero stored energy concept. Here. one shouid note that the stored energies SCT and

Ssr are the average \'aiues of stereo energies for a particular orientation and its

symmetrical components (c.g. orit:ntation (002) and (200» [40,41]. Furthermore~ here

grains with same orientations ar~ assumed to have same stored energy values. However.

in reai situation the deformation is not isotropie [40A 1]. Therefore. the stored energy

values may have different values for the same grain. But since x-rays can not

differentiate these details. this gi\'cs an a\'erage of stored energy values for an

orientation g. Therefore. the rtfU~ cxplained in the equation (3.13) is an average value for

the orientation g. Ho\vever. the rate of strcss rdieving depends on the location. That is

why~ in the present madeL thc lo~ation of the nuclei is selected first according ta the

probability P.Ag) (reter equation (3.9)J and then the possibility of nucleation is eomputed

based on the zero stort~d cn..:rgy cClnl.:cpt. The assumption here is that the selected

location (using pu(g)} is n~aoy tu nudcat..: a grain with orientation g. if the stored energy

at time t is sufficiently lo\v. At this stagc. when an orientation g successfully nucleates~

certain other orientations may not nuclcate and it depends on the rate of stored energy

release of those orientations.
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Before attempting to modify the nucleation condition using the zero stored energy

concept given by equation (3.13), the percentage fraction of number of nuclei that is

generated for any orientation g assuming conditions specified by the equations (3.7) and

(3.9) is calculated. The values obtained are given in Table 3.3. Using equation (3.7)

alone gives the percentage fraction proportional to the texture intensity after rolling. By

assuming probability of finding a nucleus Pa(g) for anyorientati"on g as .in equatio.n (3:7)

combined with equation (3.8) (as explained in section § 3.3.2), the misorientation

distributions computed for each texture component (see Fig. 3.9) is closer to the

experimentally observed values. As discussed in section § 3.3.2, using the modified

equation (3.9) and (3.7). one can obtain approximately the same misorientation angles as

observed experimentally [8] (see Fig. 3.8 and Table 3.2). Introducing the zero stored

energy concept stated in the equation (3.11) along with equation (3.9) and (3.7), one

should therefore. expect to observe an improvement in the percentage of cube nuclei

without changing the misorientation distribution and average misorientation angle. That

is because. the equation (3. 13) influences only the number and not location of the nuclei

in the deforrned matrix. By implementing the condition that the nucleation of a new

orientation g occurs only when the Sr<llw(g) < 2.8. This means that during annealing, the

orientation that reaches zero stored energy stage earlier (within the value 2.8 of arbitrary

tinle unit) are mast likdy to nucleate in the cald rolled matrix. In other words the

recrystallization may be: compktc:d bdon~ the other orientations having higher Srllllo can

form nuclei. The percentage traction of nuclei of different orientations computed based

° on this condition Sr.Jlw,gJ <: ~.8 is also gi\oc:n in the Table 3.4. The percentage of cube

orientation after the implc:mentatillO ur this ~ondition can rise from 5.00iO to 9.1 %. From

Tablt: 3.4. we can also see that the r~nJllm component decreases from 82.20/0 ta 76.4%

whiIe. the rolling components increasc h~. only 20/0.
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Table 3.3. Percentage number of nuclei obsen"ed with different
nucleation conditons (see text)

Texture Equation (3.7) Equation (3.7)
Equation (3.7), Equation (3.7),

components
Equation (3.7)

and (3.B) and (3.9)
(3.9) and with (3.9) and with

Sratio < 2.B 1.5<Srat,o<2.5

Cube 2.30 2.65 4.95 9.10 16.04 .

C 6.75 7.55 3.55 4.35 5.55
B 9.05 10.19 5.65 5.20 4.40
S 7.90 7.05 3.70 4.95 6.10

Rollinq 23.70 24.79 12.90 14.50 16.05

Random 74.01 72.56 82.16 76.41 67.92

Table 3.4. Fractions of grain boundaries with different misorientation
ranges obser\"ed bet,,"een the nuclei and the deformed matrix.

Texture GB mlsonentatlon around nuclei
components <20; >35Q 35°-55°

--- --- - ._. .-

Cube 0095 067 0.6..

----
C 024 054 0.44
B 041 034 0.28
5 038 041 0.33

----~

f--- ._--~.
Random o18 0533 0.47

Consider the orientations that ha\t: tht: .,.•..r:.,fg) < 1.5. these orientations have attained the

lo\\" ston~d energy state eithcr duc tll the lower .~',,(g) values. or higher S(.r-sr(g) values or

bath. Lower stored energy alie:r cohl rolling (Sc,(g) values) means that the misorientation

gradient between the subgrains is 10\\. Imagine a case. \vhere both Sa(g) and Scr-s,(g)

\·alues are high. In this case:. pcrhaps due ta homogeneous recovery the subgrains may

release most of their stort:d t:nt:rgy. The homogeneous growth of subgrains may not

result in suitable choices of nudei. The SeT-s,tg). in this case. is high due to the release of
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stored energy ail over the deformed grain that is considered. On the similar lines,! the

orientations that have the Srallo(g) > 2.8 have neither released sufficient energy nor

possess suitable subgrain structure after stress relieving to produce successful nuclei for

recrystallization. For the medium range, where 1.5 < Srallo(g) < 2.5 most of the

orientations, probably, experience an abnormal and discontinuous growth of subgrains.

This occurs when the Scr(g) is moderately high and Scr-sr(g), i.e.~ reduction in the stored .

energy values after stress relieving are such that only few subgrains grow out of millions

in the defonned grains and produce a successful nuclei for recrystallization. In this case,

the remaining part of the deformed grain is not recovered properly and therefore the

release of energy is not very high. In conclusion, the abnormal grain gro\\-th of

subgrains thus results from highly misoriented regions (high value of Scr(g)) and

medium release of stored energy during stress relieving. The remaining part of the

defonned grain in this case \\ill be consumed after the birth of a successful nucleus

simply by the stored energy driven gro\\th of the high-misoriented boundaries around

that nucleus. The gro\\th modd used in this research work based on the grain

misorientation distribution arrÏ\·ed from the texture analysis discussed previously in

section § 3.3 and is presented bdo\\".

3.5. GROWTH ~10DEL FOR RECRYSTALLIZATION OF ALUMINUM

Once the nucleus is formed. it \\ ill gro" in th~ dcformed matrix due to the stored energy

differences between the nucl~us and th~ n~arby matrix grains. This trend will continue

till aU the deformed matrix graÎn~ are consumc:d. By analyzing the nev.t1y formed grains

and the neighboring matrix grains using th~ orientation imaging microscopy (OIM). Juul

Jensen [8] obsen'ed that the misorientalÎlln distribution function of the "cube'. "rolled·

and ·random· texture componcnts in cull! rolled aluminum and copper do not change

much as a function of annealing time. Tht: results of that research work [8]. suggest that

the misorientation axes between the nuclei of particular orientation and the neighboring

matrix have random distribution. whcreas the distribution of misorientation angles is not
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1 random. The author argues that this unique distribution might be responsible for the

enhanced growth rate of the cube-oriented grain in the rolled matrix during annealing.

According to Juul Jensen [8], the cube grains grow faster than the roHing and random

texture components. Among roUing and random components~ the random component

grows little faster than the rolling ~e~ture cqmponents. It has been obs'erved that in

aluminum [8]~ cube grains grow -1.5 times faster than random grains and -1.7 times

faster than grains with rolling texture components. Though the differences in the grov;th

rates of cube, random and roUing texture components are not large, this preferential

gro\\th seems ta be responsible for the further sharpening ofcubic texture. After detailed

analysis of misorientation angle and axes distribution bet\veen the nuclei and the

deformed matrix in 90°/0 cold rolled Al of commercial purity, Juul Jensen [8] carne to a

conclusion that the misorientation axes and angles are very broad and that very few

boundaries « 0.5%) have the -l.oo<lll> misorientation. In her work, she observed

practically ail possible rotation angles and axes. This is true for cube and aiso other

grains oriented differently: yet cube grains are observed to grow faster than the other

grains. This observation is in contradiction to the earlier observations by Beek

[13 5-13 8] that the preferential gro\\"th 0 f th~ fast growing grains is due ta the 40°<II 1>

misoriented boundaries. The ditlèœnces in the misorientation distributions observed by

both research works. namdy the sharp 40°<111> [135-138] distribution and the broad

ones observed by Juul Jensen [8 J are related to the difference in the distribution of

orientations present in the detormed specimens employed for the respective study. In the

Beek experiments the dctormeu specimens are single crystais. Il was stated [8] that even

in the hea\Oily deformed single cf)stals the texture of the deformed crystal is sharp [138].

Therefore. a grov,:ing grain will mect a fairly homogeneous orientation distribution. In

hea\'ily deformed polycrystals. howcn:r. the deformed matrix is very turbulent,

containing many different orientations e\"en in a limited area. Due to the large local

orientation variations in the dr:formed matrix. the misorientation distribution between the

nuclei/grains and the surrounding matrix must therefore, in heavily cold deformed

polycrystals, be broad and not sharp. This is the situation for aIl nucleL also the faster
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growing cube ones. It was concluded by Juul Jensen [8] that the assumption of

40°<111> misorientation that could explain preferential growth does therefore not apply

to heavily deformed polycrystals. The other reason for the observed difference is the

difference in the fractions of low angle boundaries. The cube grains had ~10% and

rolling textured grains that had ~ 30% of these types of boundaries. In deformed Al

single crystals it was· reported that the migration rate of twist .boundaries. with

misorientation below 15°-20° and general boundaries with misorientation < 10° were

close to zero, where as other boundaries had a migration rate of 1-5 cm/s [139]

[n the present work, the results of misorientation angle distribution between the nuclei

and deformed matrix are presented in Fig. 3.9. This suggests that the fraction of low

angle boundaries of cube component is the lowest and the fraction of high angle

boundaries with 8>35° is the highest when compared to the other texture components.

For comparing the fractions of grain boundaries between nuclei and defonned matrix of

various orientation components. these values are presented in Table 3.4 for the

orientation cube. rolling and random texture components. In this table along with

fractions of low angle (<20°) and high angle (>35°) boundaries. the fractions for the

35°-55° misoriented grain boundaries are also presented. The 35°-55° is the

misorientation inter\"al. where the cube orientation found to have a higher concentration

of such boundaries than the rolling and random texture components. Further discussion

of results presented in Table 3A will be gi\'en latter in this section.

ln the case of primaI}' recrystallization of heavily cold rolled aluminum. the assumption

of high mobility to grain boundaries ha\'ing misorientation higher than 35° seems ta be

valid based on the experimental obsen"ation [8]. In the lightly deformed aluminum

crystals. Liebmann et al. [72J. \\ ho mcasured the migration rate of< III > tilt boundaries~

found that the mobility is th~ highcst for a misorientation of -40°. Even in this case~

though the maximum \\'as near 40° misorientation. the spread was found to he between

30° and 55°. In the present computer simulation work, the assumption of high mobility

of grain boundaries with misorientation higher than 35° is supported by Juul Jensen' s [8]
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observation and is used for the recrystallization of 88% cold rolled AI. The assumption

of high mobility of grain boundaries having misorientation 35°-55° is also tested (see

section § 3.7). The percentage fractions ofboundaries with different misorientation (8)

(between the nuclei and defonned matrix) is calculated for any nuclei orientation. These

percentage fraction values are presented i~ the form of contours in Euler angle space

identical to thë ODF space. The nuclei are generiued acc~rding to the conditions

specified in the equations (3.7) and (3.9) (see section § 3.3.2). The percentage fractions

of boundaries around the nuclei that are assumed to be mobile are calculated. The

assumed boundary ranges are: case (i) boundaries 'N;th e>35° and case (ii) boundaries

with 35~8::;55°. Here case (ii) is a subset ofcase (i). The results of the calculation for the

case (i), where the fractions of boundaries with misorientation 8>35° are considered to

be mobile~ is presented in Fig. 3.11. One should note that the values presented in Fig. 3.9

and Table 3.4 have been computed for the selected orientations by accepting a deviation

of -15° from the ideal texture components. Whereas. the values given in Fig. 3.11 are

computed for aIl the orientations in the ODF space (without considering any deviation of

orientation).

The calculation presented ln Fig.. 3.11 dëmonstrates that the cube orientation is

surrounded by about 69~o of boundaries with misorientation > 35° (case (i)). The

common deformation componënts B. C and S have mobile boundary fractions of -26%.

-32% and -30% respectivdy. The G (Guss) component has a value of -45%
• Therefore.

the difference between perc~ntag~ fractions ûf mobile boundaries of the cube and B

component is -43% and b~l\\~ën Ih~ cuh~ and C or cube and S is around 38%
• This

striking difference in mobil~ bounJary fractions between the rolling and the cube

orientation must provide the ncccssary gro\\1h rate difference observed [8] between

them during primaI}' recrystallization.

Another important result of the Fig. 3.11 is that the orientation {O Il} <110> has a

maximum percentage fraction of mobile boundaries (grain boundaries with

misorientation> 35°) -90%
• which is -21 % more than the cube orientation. Though the
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COntour Levers: 25.0 35.0 45.0 55.0 65.0 75.0

Fig. 3.11. Percentage fractions of > 35° misoriented grain boundaries
(assumed to have high mobility) around the nuclei of various
orientations in the deformed aluminum matrix presented in Euler
space.

{OII}<110> orientation has a higher value of the fraction of boundaries with

misorientation >35°. the numbcr of nucld with this orientation during nucleation stage is

vcry lo\v. Therefore. no signiticant contribution of this orientation component is

obser\'ed after the ft:crystallization. The simulated ODF by Monte-Carlo method is

discussed in section § 3.7 of the present work.

For the other condition (ii). \\hcre the fraction of boundaries with misorientation in the

rangt: of 35-55° is considercd mllhilc. the shape of the contours (Fig. 3.11) is very

similar. except the actual contour values. The differences between the percentage

fractions of mobile boundaries lor \:asc (i) and (ii) are discussed here. As the case (ii) is

a subset of case (i). the percentagc of grain boundaries for case (i) is always greater than

case (ii). The difference between the percentage fraction values for the cube orientation

in both cases is -5%. The lowcst pcrcentage fraction value, which is observed for the

ro Il ing components. for the case (i) is further lowered by as much as -10% in the case

(ii). Thus, the difference bet\\"een the mobile boundary fraction of cube and roHing
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component is the maximum for the second case (ii). The reduction of nearly 1I3cd of the

value of the fraction of mobile boundary is observed for the case of rolling components

when the boundaries with misorientation of 35°-55° are considered mobile as compared

to boundaries with 9>35°. Whereas, the percentage fraction for the ideal cube

component reduces by only -5%.. \vhich is only -1/13 th ofits original value i.e.~ 69%.

A summary of the analysis of various grain boundary fractions is presented in Table

3.11. Here the average mobile boundary fraction of cube orientation is computed for the

nuclei orientations. which deyiate less than 15° from the exact cube orientation. Similar

averages of the mobile boundaries are computed for other orientations namely C. B and

S by allowing 15° deviation from the exact orientation. The average values of the

fractions of the mobile boundaries of orientations that do not fall within the C. 8 and S

categories are given under the mndom texture category. From the value presented in

Table 3.4. the fraction of 10\\" angle boundaries with 9<20° (having low mobility) is the

lowest for the cube orientation. The rolling texture components namely C. B and S have

the values of the fraction of low angle boundaries 0.24, 0.41 and 0.38 respectively. This

fraction value for the random texturt: componc:nt. which is 0.18. falls bet\veen the cube

and roHing texture compon~nts. From grain boundaries with misorientation 8>35° (case

(i)) and 35°S8$55° (case (ii)) th~ diftèrence between the cube and rolling texture

components is the highest tor the latter case namely 35°$9$55°. The fraction of mobile

boundaries tor cube orientation is n:Juce:ù l'rom 0.67 (case (i») to 0.6 (case (ii)).

\\·hereas. the fraction of mobile: puunJarics of orit:ntation components C. Band S is

lower in case (ii) than in ca:.i~ (i. h~ 18-20° o. The fraction of mobile boundaries of

random component diminish~s h~ 110
0. This suggests that the assumption of high

mobility to grain boundaries with misoricntation 35°$8$55° will increase the gro'W1h

rate of Cube grains as observcd in the cxperiment [8]. This is verified using Monte

Carlo computer model and is discussed bdo\\'.
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3.6. MONTE-CARLO MODEL FOR RECRYSTALLIZATION OF AI

Essentially, the framework ofthe Monte-Carlo model used for the present work has been

described in the section § 2.7.2. The computer specimen used for the present work has

the deformed specimen geometry as explained earlier in section § 3.3.1. The number of

sites specified along the three specimen co-ordinate axes namely RD, TD and ND are -

. 568, 82 and Il respectively. The adjacent -lattice sites equivalent ta the defonned grains

are grouped into 500 Voronoi grains with orientations assigned using the algorithm

described by Morawiec et al [118], according to the orientation distribution function

(ODF) of the cold rolled specimen (refer Fig. 3.1). The length of the computer specimen

lanice site is -1.5 J.UTl~ which is equivalent ta the observed size of a nucleus [134].

The nucleation model as explained in sections § 3.3.2 and 3.4.2 has been incorporated

into the simulation program. In these simulations. the nucleation site is randomly

selected in the deformed matrix. :\ new orientation generated in accordance \vith the

deformed ODF (according to equation (3.7»). is assigned ta the selected site only if it

satisfies the probability of a\'ailability gi\"en in equation (3.9) and one of the stored

energy conditions (A) or (8) explained abo\'e. Otherwise the nucleation to the selected

site is not assigned and the site: is Idi as it is. This testing of the nucleation site and

possible nucleation is callc:d a nuc:!t:tJlicm loup. The new grains are allowed ta grow and

the deformed matrix grains are not. The gro\\th would stop once the newly growing_

grains impinge each other.

The gro\\1h model in the prc:scnt \\ork use:s the: algorithm proposed in Hinz and Szpunar

[15] {given in section § 2.7.~ t \\ ith a moditication for the stored energy terrn as

explained previously by Srolovitz ct al. [13.1 11]. [n short this model can be

recapitulated as follows. If discrct~ points on a lattice of the partitioned microstructure

whose sites are assigned labels i and each site is assigned one of Q states labeled as ah

where a, =1.2.3 ...Q. Then according to the Hinz and Szpunar [15]~ the rate of transition

from state ah ta bl • is appropriatdy given by equation (2.9). The grain boundary
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boundary sites and zero energy with sites in the grain interior. In order to incorporate

the energy stored (fi) within the grain due to deformation, a positive energy is associated

with unrecrystallized regions [13,111]. The resulting site energy is given by

~a. = Hf(a,)+ t(I-8a,aJJ a.a:
}=1

(3.14)

•

•

Here. .f{a,) is a function, which has positive value in the unrecrystallized grains and zero

in the recrystallized grains. The probabilities that determine the transitions between the

states is as per the equation (2.10) and is discussed in the section § 2.7.2. The presence

of the fluctuation parameter TJ only aids to overcome any geometrical restrictions that

might be imposed by the discrete nature of the lanice. The parameter 7] assumes a value

of unity in the present work. Time in these simulations is related to the number of re

orientation attempts. JVr re-orientation attempts are traditionally used as the unit of time

and are referred to as one l\fonte Carlo step (MeS). where lvr is the total number of

lanice sites present in the computer specimen (refer section § 2.7.2).

The positive energy values associated with grain boundary sites for the present

simulation work are takcn frorn the work of Hasson and Goux [57} and Sunon and

Ballufi [140] and are ShO\\l1 in Fig. 3.12(a) and (b) for <001> and <011> directions

respecti\"ely. An approximatt: composite: cur\"e of relative grain boundary energy as a

function of grain misorientation is dcri\"cd from these data and is given in Fig. 3.12(c).
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•

•

The Fig. 3.12(c) bas been partitioned into three regions based on grain boundary

misorientation and these regions are for the angles <15°, 15°-45° and >45° respectively.

In the tirst region, for misorientation angle 8<15°, the obtained conventional grain

boundary energy data is fitted with Read-Schockley [44] and for the other (WO regions

the energy data in each region is fitted with ~e linear equation.

The stored energy values are taken from the measured orientation-dependent stored

energy data presented in section § 3.2.4 of the present work. Here the problem of units

and relative values of the relative grain boundary energy and stored energy values have

to be addressed. As mentioned in Srolovitz et al. [13,111] the ratio of stored energy to

grain boundary energy fonnally has a dimension of inverse lengtho Whereas. the HIJ is a

dimensionless quantity since the energy expression in equation (3.13) is written in terms

of a dimensionless lanice constant. In order to obtain a numerical value of this ratio. the

length scale of this simulation. i.e.. lanice constant is assumed to be 1.5 ~m. As this

simulation takes into account the measured grain boundary energy as a function of grain

misorientation and measured stored energy as a function of grain orientation. anisotropie

properties expected in the specimen due to the observed texture in the material are well

represented. Therefore. the near-complete description of important anisotropie variables

such as stored energy. grain boundary energy and grain boundary mobility for primary

recrystallization is a step doser towards th~ real situations.

3.7. RESCLTS OF THE SI,.rLATIO~or RECRYSTALLIZATION OF AI

The simulation of primaT)' rceT) stail ilation using the mode! explained above is carried

out for the tollowing 4 conditions as gi\ t:n in th~ Table 3.5. Here the simulations (A 1)

and (Al) ha\Oe dinèrent nucleation condition (reter s~ction § 3.4) namely Srallo(g) < 2.8.

whereas the simulations (B 1) and (B2) use the nucleation condition of 1.5 < SrulIo(g) <

2.5. One of the two mobility conditions (refer section § 3.5) employed in this study,

name!y grain boundaries wilh misorientation >35° have high mobility is assigned to

81



Chapter 3 Primary recrystallization ofaluminum

•

1

simulations (Al) and (B1). The other mobility condition, namely 35°-55° misoriented

boundaries have high mobility is assigned ta (A2) and (B2).

Table 3.5. Nucleation and growth conditons employed for the different
simulations.

Stored energy Mobility boundary" condition .
conditions > 35D 35°-55°

Sratio < 2.8 (A1) (A2)

1.S<Sratio<2.8 (81) (82)

AIl these simulations are executed \\'ith the assumption that there is no grain boundary

movement between defonned matrix grains. The movement of grain boundaries between

annealed grains is also not allo\\·ed. In ail these simulations the high mobile boundaries

are assigned a constant mobility of 0.5 and the remaining boundaries have zero mobility.

The mobility \"alue of 0.5 has becn arrin:d at by trials in order to optimize the grain

gro\\1h rate for the assumcd nuckmion ratc. The nucleation rates are decided by number

of nucleation loops (explained in the section *3.6) allowed to be executed per MeS. In

the simulations (A 1) and (A2). the numhcr of nucleation loops is 500 per MeS, whereas.

for the (BI) and (82) simulations it is 700. These \'alues are selected by trial such that

the overall number of successful nuch:i belon: the end of the simulation is above 1000.

Depending on the selected nuc1cation sites and nucleation conditions, only few nuclei

become successfui. Often nuc1eation lllops are executed without producing a successful

nucleus. This entire process of nucleation can be visualized as each lattice site in the

computer specimen of hcavily culJ rullcd matrix associated with certain amount of

deformation inhomogeneities Jt:pcnding on its orientation. stored energy and location.

These inhomogeneities may gi\'c raise to subgrains of various orientations that are

dictated by the nucleation conditions.
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•

The obtained results show that the complete recrystallization takes place in aIl the

simulations at around 250 MeS. The resulted ODF for ail 4 simulations are given in

Fig. 3.13. In aIl the 4 simulations, characteristic anneaIing texture component, namely

the cube orientation, is found to grow. In the case of (AI) and (A2) simulations (Figs.

3.1 3(a) and (b», the texture components cube, cube(RD) and G (or Goss) develop to high

intensities after complete annealing. Here cube(RD) denotes the cube orientatio~ rotatéd

about the roHing direction \vith the Euler angle of cPl=O°, <1>=20°, and cP2=0°. The

intensities of roHing texture components get weaker as the annealing proceeds and at the

end ofannealing they reach a value of between 2.4 to 4.6, whereas cube intensity goes as

high as 9. Apart from the cube component, there is another recrystallization texture

component, namely the cubetRDI' found to have high intensities in these cases. In the

case of (A1), the intensity of the cubel RD} is higher than the cube orientation itself.

In the simulations (BI) and (B~) (r~f~r Fig. 3.13 (c) and (d». cube orientation is found to

be the strongest. In the case of (B 1). though the cube intensity is -20. it is rotated _50

around the transverse dirt:ction. for th~ cas~ of (82). where the nucleation condition is

1.5 < SruflofgJ < 2.5 and the 35°-55° misori~nted boundaries are assigned high mobility.

the intensity of exact cube compont:nt is -20 times stronger than the random intensity.

The rolling texture componenls han: low intensities. For comparison the 88% cold

rolled AA3 104- specimen has bcen anncaled isothermally at 400° C for 15 minutes. The

ODF calculated from the pole.: figures of the fully annealed AA31 04 is presented in Fig.

3.14. On comparing the shap~ of the intensity contours observed in Fig. 3.14 with that

of th~ ODFs obtained l'rom ail the: .l simulations (Fig. 3.13(a). (b). (c) and (d). the

simulation (8:!) is closer tll lh~ c,pc:nme:ntal üDF. The absolute intensity values are

highc.:r lor the simulatc.:d case. This ~unducJe:s that if the nucleation of orientations that

have Sralw(gj between 1.5 and 2.5 is allowt:d and a high mobility is assumed for the

grain boundaries around the nudci \\ith nlisorientation between 35° and 55°. the cube

texture components devdop as ubscf\ cd in the experiment. Though the linal texture

seems to be satistàctory for the.: simulation (82). the integrity ofthis simulation has to be
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ContOUrLevets 20 3 5 50 6 5 80

ContourLevelS 2 0 40 6 0 8 0 1C 0

Caption of Fig. 3.13 is on next page
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contour t.evelS 5 0 1 0 100 15 0 17 0

•
Fig. 3.13. Fully recl1'stallized ODFs obtained from the simulations (a) for Al,

(b) for A2, (c) for BI and (d) for 82. The simulation conditons for
these simulations are given in the Table 4. The ODFs (a) and (b)
are given in the prc\+ious page.
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studied by analyzing the changes in the texture and microstructure during each stage of

annealing.

contouflevelS: 1.0 2.0 3.0 8.0 9.0 10.0

Fig. 3.14. Calculated ODF of 88% cold rolled and fully annealed
aluminum AA3104 (at 400°C for 15 minutes) from the
measured (111) (100) and (110) pole figures using X-rays.

A plot of the volume fraction ofmaterial recrystallized (Xv) with time is commonly used

for representing the progress of recrystallization during isothermal annealing. The

recrystallized fraction as a function of annealing time (MeS) for the simulation (82)

exhibits the charactc:ristic sigmoidal recrystallization behavior and is shown in Fig. 3.15.

At about 100 MeS. -1 OO~/c» recrystallization is reached. Theoretically. this can be

expressed by the cquation describcd by Johnson and Mehl [75] and A vrami [76] and is

gin:n by c4uation (2.5). which is prcsented in section § 2.4.1. It is customary to express

thc rccrystallization kinetics b~ J~1AK exponent. which can be derived from the

logarithnlic plot of In<1 !(l-X\)) \\ ith logarithmic time. This plot is given in Fig. 3.16.

The plot shows a non-linear beha\'ior. As the annealing time increases. the slope of the

CUT\'e decreases. The linear portion of the curve shows a slope of 3.4. For the 3

dimensional situation \\ ith complete random nucleation of site saturation. the exponent

is expected to have a \'alue of 3. whereas for the constant nuc1eation rate the slope is 4

[1.13]. In the present case the nucleation rate is neither constant~ nor the site saturation
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1

type. The nucleation rate of various texture components and overaII nucleation rates are

given in Fig. 3.l7(a) and (h). In Fig. 3.17(b), the collective or overall nucleation rate

shows a peak at the early stages of annealing and later the nucleation rate decreases. As

far as the nucleation rates of individual components are concerned (Fig. 3.17(a», the

cube texture component has the highest rate and the C and S components show

approximately the same characteristics. The nucleation rate of B component is found to

be linle lower than C and S components. The incubation time is not clearly exhibited in

these simulations. The reason for this is that the nucleation rate is computed as the

number of nuclei created for every 10 MCS~ but the nucleation starts within the tirst 10

MeS.
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Fig. 3.15~ RecJ1'stallization kinetics obtained from the
simulation (82)
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Fig. 3.17. JMAK plot obtained from the simulation (82).
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The development of crystallographic texture can be investigated by analyzing the ODFs~

which are calculated from grain orientations and grain volume at varions stages of the

recrystallization simulation. The ~2= 45°~ 65° and 90° sections of the ODFs are

presented in Fig. 3.18 for the -21.6%. 42.6%, 64.4%, 80.7% and 100% recrystaIlized

volume fraction in the specimen. The most obvious observation is the increase in the_

intensity of cube component and decrease· in the intensity of roUing texture components.

As the annealing progresses. the intensity of cube goes from 1.1 ta 20.4 limes that of the

random component. Employing the nucleation and growth conditions used for the (B2)

simulation. intensity of B. Sand C-components decrease from of --9 to <1. 2 and 5

respectively after complete annealing. The selection of exact cube orientation in this

case is excellent. The texture changes during annealing in the unrecrystallized and

recrystallized parts of the specimen can also be computed as a function of time. This is

computed at each stage of annealing by separating recrystallized grains from

unrecrystallized and computing the ODFs from the orientation and grain volume of

those grains separatdy. The analysis of This result reveals that as the annealing

progresses there is not much change in the texture in both the cases as a function of

annealing time. The cube intensity in recrystallized portion stays with approximately the

sam~ intensity throughout the annealing with the value between 19 and 21. In the

rt:crystallized part the intensity of Band S campanents are as low as <1 and <2

resp~cti\·dy throughllut the recrystallization process. The coppel' component seems ta be

liule stronger with an intensity value: of -5. Approximately the sarne proportion is found

in th~ complt:td~ n:crystallizt:d h:xture at the end of annealing (see the OOF sections

corresponds III 100°0 n:crystallizcd in Fig. 3.18). As far as the unrecrystallized portion

of the sp~cimt:n is concerncd. the texture changes do not show any preferential

consumption of panicular texture components. The C-component stays close to the

value of 7± 1. \\ hercas B and S l1uctuate with the values of 8±0.8 and 9±O.5 respectively.

The intensity of cuhe: compon~nt in the unrecrystallized portion seems to increase a litde

from 1A to 2.2. but C\ cntuall~. this component is consumed by the recrystallized grains.
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Contour levels: 1,3,5,7.•.
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Fig. 3.18. The tellure change during annealing at different 0/'0 recrystallized
fractions obtained from the simulation (82). The q.2 = 45°, 65° and
90° ODF sections are pres~nted.
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luul Jensen [8] compared the grain sizes of the recrystaIlized texture components as a

function of time and observed that the cube grains grow faster than the grains of rolling

and random texture components. The grain size of random component is little higher

than the rolling texture components throughout the annealing. The author [8] reports that

the growth advantage (\\thich can be measured by the ratio between the average grain

sizes) of cube component relative to that of random texture component is -1.5. In the

present research, using the gro\\t1h condition that assumes high mobility to the

boundaries misoriented 35°-550 gives raise to the development of cube texture

component with an average grain volume higher than that ofrolling and random texture

components. The gro\\1h kinetics of cube. rolling and random components are presented

in the Fig. 3.19~ which is a plot of grain volume as a function of annealing time.

Comparing rolling and random texture components~ the random texture component has

larger grain size. The approximate relative grain diameters between cube~ rolling and

random components are close to that reported by Juul Jensen [8] for commercial punty

aluminum.
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Fig. 3.19. The a'"erage ~rain ,·olume (in number of sites) for cube, rolling
and random orientations as a function of MeS obtained from the
simulation (82).

The progress of the ml~rostruclural changes during recrystallization is given in Fig. 3.20

al four different stages \'iz.: (3) QO·o. (b) 7.8%, (c) 64.4% and (d) 1000/0 recrystallized

fractions for the TD RD cross-section. The Fig. 3.21 shows the corresponding ND/RD
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cross-sections of the microstructure. In Figs. 3.20(a) and 3.21(a), the deformed grain

structures are presented. The Fig. 3.20(b) and 3.21(b) depict the new growing grains at

their early stages. These microstructures exhibit the characteristic grain structure of the

primary recrystallization. In the case of fully recrystallized microstructures that are

given in Figs. 3.20(d) and 3.21(d)~ sorne of the recrystallized grains have e10ngated grain

shape and few ofthose grains are marked byarrows in the microstructure. This is mainly

due to the initial assumption of no grain boundary migration between the impinged

annealed grains as mentioned previously (at the beginning of this section). According to

Srolovitz et al. [IIIL when the ratio H/J=l (refer section § 3.6). the gro\\l1h of the

nucleus is along the grain boundary. This is a consequence of the fact that gro\\1h along

the grain boundary makes use of the energy stored in the grain boundary itself. In their

work. it was observed that in order for the nucleus to grow into the interior of the

neighboring grains. the energy ratio must be at least HIJ =2. But in reaIity. one cannot

rule out the possibility for normal grain growth between the new grains during

recrystall ization.

ln order to study the effect of nonnal grain gro\\1h ben,veen the impinging recrystallized

grains on the recrystallization texture and microstructure~ a separate simulation of

recrystallization has been carried out. This simulation is named as (B2-NGG) to denote

that it is identical 10 the simulation (82) in aIl other conditions except that the grain

boundaries bc=t\\"c:en the impinging recrystallized grains can move. As explained in

section § 3.6. a high mobility to grain boundaries with misorientation 35°-55° between

the nuclei and the dcformed matrix is assumed. Once the recrystallized grains impinge.

the boundary between thcse grains is aIlo'À'ed to migrate in the simulation (B1-NGG).

Among thesc boundaries. the mobility of ail high-energy (random) boundaries with

misoricntation bcl\\ccn 15° and 55° is assumcd te be higher than other boundaries. The

range 15°-55° is sdectcd according to the high-energy values presented for these grain

boundaries in Fig. 3.12. The assumption of high-energy boundary having high mobility

at the annealed stage is similar to the assumption employed in the next chapter
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Fig. 3.20. Microstructures of TD and RD sections during annealing at different % recrystallized computer specimen
obtained from the simulation (82). In tbis simulation, the migration of boundaries bctwecn the impinging
recrystallized grain is not allowed.
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on abnormal grain growth in Fe-Si steel~ where further annealing of primary

recrystallized material at high temperature is considered. The mobility value is

arbitrarily chosen as 0.2 (which is less than the mobility value of the mobile grain

boundaries between nuclei and the deformed matrix) ta test the effect of normal grain

growth between the recrystallized grains that have irripinged. ln the case (B2-NGG). the

simulated texture results show a further sharpenîng of the cube intensity during

recrystallization. The 99.6% recrystallized computer specimen shows an ODF intensity .

of 27 for the cube-component. The ODF intensities of C, B and S components are -5.

1.2 and 1 respectively. The shape of the curve in percentage recrystallized vs. MeS

plot is similar ta the one sho\vn in the Fig. 3.15 and the JMAK plot shows a non

linearity similar to the Fig. 3.1 6 with a JMAK exponent of 3.26. For the case of

simulation (B2) explained in Table 3.5. without considering the nonnal grain growth

bet\\'een annealed grains. the J~1AK exponent is slightly higher with a value of 3.4. The

diftè=rences between the grain volumes of cube and the other orientation components are

identical ta that shawn in Fig. 3.19. From the simulation (B2-NGG)~ the 99.6%)

recrystallized microstructures for bath TD/RD and NDIRD are presented in Fig. 3.22.

Th~se microstructures show a typical equiaxed grain structure as usually observed in

recrystall ized microstructure. The shapes of ail the annealed grains in the simulation

(B2-NGG) do not show any similarity to the cold rolled grain shape. which is different

from the simulation (B2) (rerer Figs. 3.10 and 3.21). One should also note that it is not

unusual to se~ the eIongated recrystallized grain shape in the recrystallized

microstructure [22]. Theretor~. the presence of normal grain growth between the

recrystallizcd grains may play a role in converting the elongated annealed grains to the

equiaxed onc. If this normal grain gro\\th is not significant. then the elongated annealed

grain structure remains in the microstructuœ.
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Chapter 3

3.8. SUMMARY

Primary recrystallization ofaluminum

•

•

As a first part of this chapter. the technique for the measurement of orientation

dependent stored energy has been described. The measured stored energy distributions

of 88% cold rolled and stress relieved aluminum specimen (at 200°C for 15 minutes) are

discussed in detail. The stored energy values for the poorly represented orientations in

the matrices are not presented due to high error values. The stored energy along the p

fiber is observed to be 40-77% less than the stored energy of cube texture component

after cold rolling. The stored energy of Cube orientation is decreased by -7.2 J/g-atom

upon stress relieving at 200°C for 15 minutes, whereas, the ~-fiber orientations release

<3.1 l/g-atom. The spread in the stored energy for an orientation increases as the

angular deviation from the corresponding ideal orientation increases (Fig. 3.10). This

spread in the stored ~nergy has a major role in the development of recrystallization

texture.

In order to overcome the complexity of the defonned microstructure. the nucleation

conditions are deduced from th~ t~xtur~ analysis and followed such that the obtained

misorientation distributions arc= similar ta the experimentally observed distributions.

These conditions imposed on th~ simulation restrict the locations of a nucleus and its

orientation in the: ddormed matrix. These conditions for (the location of) nuclei with a

panicular orientation and the rate of rclease of stored energy of that orientation affect the

number of nucki lë.lrmcd during recrystallization. By incorporating these nucleation

conditions and assigning high mobility to boundaries with misorientations of 35°·55°.

the ~\'1ontt:-Carlll simulation preJicts the dl:\'c!opment of texture and microstructure of

rccrystalliLt:J spcclml:n.
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Chapter 4

Abnormal grain growth in Fe-3% Si steels

•

ABNORMAL GRAIN GROWTH IN Fe-3 % Si STEEL
- APPLICATION (II)

ln this chapter. the Monte-Carlo computer model is applied to the simulation of

abnormal grain gro\\lh of Fe-3%Si steels. The first section § 4.1 of this chapter focuses

on the literature review conceming this topic. Following this section. a discussion on the

no\"t~l computer experiment on mobile boundary fractions, which is necessary for the

abnonnal grain gro\\lh. is presented in section § 4.2. As the anisotropie grain boundary

mobility is important for realizing the abnormal grain growth. section § 4.3 gives the

deri\"ation of grain houndary mobility as funetion of grain misorientation. The

remaining portion of this chapter is devoted to the explanation of the ~1onte-Carlo

computer mode! employed for the simulation of abnormal grain gro\\lh in Fe-3%Si

conventional electrical steel. In subsection § 4.4..1. the model explained in section § 4.4

is moditied for the simulation of grain gro\\1h using calcuIated anisotropie mobilities of

different grain boundaries. The ~1onte-Carlo simulation in the presence of t\tlnS

particles is discussed in the sectillO § 4.6 atier a short review of panicle coarsening and

particle pinning is prcscnted in section § 4.5. Finally, the summary of this chapter is

presented in section § -1.7.
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•

4.1. INTRODUCTION TO ABNORMAL GRAIN GROWTH IN Fe-3°J'o Si

STEELS

Although the grain-oriented silicon steels have been known since the work of Goss

[142], the mechanism of the development of {110}<100> (or Goss) texture during

secondary recrYstaIlization (SR) is still debatable amone researchers. Various

mechanisms of the development of Goss texture have already been proposed. One theory .

assumes that Goss grains in the case of conventional grain-oriented electrical steel form

colonies. Coalescence of these colonies during annealing gives them the size advantage

for further growth [143.144]. Ho\vever, as mentioned earlier in section § 2.5. when

grain boundary energy and mobility are uniform, even a very large grain will always

grow more slowly than the average-sized grains and will eventually rejoin the normal

size distribution. This phenomenon has been shown previously both by theoretical [91]

and computational analyses [1:! .15.92]. Therefore~ the abnormal grain growth (AGG)

can only occur when normal grain growth is inhibited. In conclusion. unless the

abnormally growing grain enjoys sorne growth advantage other than size of its

neighbors. secondaI}· recrystallization will not take place. In the case of high

permeability steel. the Goss grains do not form colonies [145,146] and abnormaI grain

gro\\lh is observed in practice.

It is kno\\n that the grain gro\\lh in polycrystalline materials is entirely controlled by

grain boundaries. The driving force for grain grO\\1h is the reduction of grain boundary

area. and thus the total cnergy of the system. The kinetics of grain growth is determined

by grain boundary mobility. Among rnany factors such as surface energY1 particle

pinning. grain boundary groo\·ing. etc.. which may influence abnormal grain gro\\1h.

effeet of second phase particl~s is consid~red to be of prime importance in the case of

Goss texture dc\'dopment in Fe-Si steels. At higher temperatures. precipitate particles

undergo Ostwald Ripcning (OR). This causes the breakdown of grain boundary pinning

and favors certain grain boundarics that move faster than others and are responsible for

abnormal grain gro\\lh. Having known the importance of grain boundary energy as a

parameter characterizing the boundary structure, it is necessary to discuss the
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1 dependence of grain boundary energy on misorientation angle between grains and the

following section is devoted to that discussion.

4.1.1. Grain boundary energy vs. misorientationfor Fe-Si steel

The relationship between grain boundary energy and grain misorientation was tirst

derived by Read and Shockley [44] for a· simple tilt boundary based on a dislocation

mode!. This relationship is given in the equation (2.1). In this case, Among the 5

degrees of freedom which define both the misorientation between grains and grain

boundary plane. only the misorientation angle. 8 is taken into account and the

orientation of the boundary plane is averaged out. This assumption may be justified by

the fact that the grain shape in Fe-3% Si steel after primary recrystallization is virtually

isotropie [147] and no apparent anisotropy of facetting of grain boundary is observed.

Experimental measur~ment of grain boundary energy for Fe-3% Si steels has been

carried out by Dunn et.al [52-54] and is sho\\'TI in Fig. 4.1. Theil' results are shown as a

plot of the relati\'~ grain boundary energy Erd vs. e. Here relative grain boundary

energy is given by tht: follo\\·ing equatian (4.1)

E -E/
rd - ,"E

, ni

(4.1 )

•

As explain~J in ~4uation c 2.21. Em is the maximum energy when a=8m • The

experimental data "an l'le litt~J using the equation (2.1). The Fig. 4.1 does not show any

energy minima for CSL boundaries except Y3. The curve that corresponds ta the

equation (2.1 t ma~ ht: used tl' J~scribe ~n~rgy changes up to 45°. In the case of (Ill)

ti It boundar:. the: a\ ai lable cn~rg~ data [511 shows a large energy cusp for r3 and both

the misorienlatilln angle anJ maximum cn~rgy (Em) are similar to that abserved for

(110) tilt bounda~. Il is \~~ difficult ta find any experimental data on twist

baundaries. From the caiculalillns based on the dislocation theory of grain boundary

[51] and malecular dynamics [148] one can conclude that the relation between the
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misorientation angle and energy of twist boundary is similar to that of tilt boundary. The

experimental curve (Fig. 4.1) shows that the grain boundaries with middle

misorientation namely 20°-45° are high-energy grain boundaries. The grain boundaries

with misorientation in other ranges namely < 20° and > 45° have lower energies than

boundaries in 20°-45° range. The direction of grain boundary migration is dictated by

grain boundary energy and grain boundary curvature. However, the thermal activation

energy of grain boundary migration controis the kinetics of grain growth. For

understanding the texture and microstructure development in abnormal grain growth.

one has ta study not only the magnitude of the mobility of various grain boundaries and

their interactions with the precipitates but a1so the fractions of highly mobile boundaries.

In the case of Fe-3% Si steeL the selective growth of Goss texture component is dictated

by aIl these characteristics of grain boundaries.
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Fi~. ~.1. \Ieasurcd <100>, <110> tilt grain boundaf1· energy as a
function of lilt angle for Fe-3%Si steel [51}.
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•

4.2. COMPUTER EXPERIMENT ON FRACTIONS OF MOBILE

BOUNDARIES IN ABNOR1\1AL GRAIN GROWTH

Which types of boundaries are responsible for the abnormal growth of Goss texture is

debatable. Various models to explain such growth are discussed below. This is followed

by the discussion on a series of computer experiments carried out to ascertain the

importance of random or high-energy boundaries.

4.2.1. J\tfodels used to explain abllormal growtlt ofGoss grains

There are t\VO different modds that were proposed to explain the mechanism of

abnormaI grain gro\\th in Fe-Si st~els. One model [64-67.149] suggests that certain

coincidence site lanice (CSL) boundaries have high mobility and are responsible for

AGG. Harase et al [64.65] argued that among the various CSL boundaries. r9 played an

important role in the d~n~loprnent of :110:(00 1) texture. In their work a possible role of

other CSL boundaries was not ruh:d out. Recently Lin el al. [67] stated that the low L

boundaries including ~3 are n:spllOsiblt: tor the AGG of Goss grains in Fe-Si steels.

These authors argue that there is no t:n~rgetic or structural basis for an enhanced stability

of the r3 boundary in b.c.c. rnateriaIs such as fe-Si. Different type of CSL boundaries

are given importance from case 10 case ( ~9 [64]~ r.7 [68] and r5 [69]): however~ no

explanation tllr th~ ~dt:ction me:~hanism has been offered. Although a lot of work has

been puhli~hc.:J on the: pl1s~ihk wle: of CSL boundaries on AGG. this has not been

confim1cd satlsta'-=tl'rJl~ or ac,-=uraldy. The tact is that the fraction of CSL boundaries

other than the: Il'\\ angle: gram hnundary (~ll is \"ery small. usually less than 10%

[145.(50). and lt ,-=annut he re:~pt'n~ible: tllr a majllr change in texture.

The other modd l~ M~d on tht: as~umplion that the high-energy boundaries in Fe-3%Si

steels have high mll~llat~" Basc:J on Orientation Imaging Microscopy measurements and

computer simulatilln~. Ifayaka\\a and Szpunar [151-155] argue that the high-energy

grain boundaries in the: misùrie:ntation range of 20° to 45° play an important role in
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AGG. Titorov [156~157] also argued that the boundaries be1'Neen 20° and 45° are

responsible for growth of the Goss orientation by analyzing the orientations of the large

grains in a 5-100/0 rolled single crystal of commercial purity Fe-3%Si steel. In bis

experiment~ the mildly rolled single crystal is deformed locally (to initiate nucleation

during annealing) and annealed subsequently. Hayakawa and Szpunar [151!152]

demonstrated that the Goss grains in both the high-permeability and conventional

electrical steels are surrounded by a high number of grain boundaries with

misorientation between 20° and 45°. The probability of finding a grain boundary with

misorientation between 20° and 45° around any orientation in the primary recrystallized

Fe-3% Si steels is given in Fig. 4.2 (a) and (b) for conventional and high-permeability

steels. Here the probability is presented in the ODF space described by

(a) (b)
0 0

10

• 20

30 30

40 40
~ 4>

50 50

eo 60

70 70

80 80

Fig. ·1.2. Probabili~· (%) of boundaries ha\'ing misorientation angles of 20°-45°
around ~rains ha,"ing various orientations in Fe-Si steels a)
con,"entional and b) high permeability steels. Both (a) and (b) are
,:=45° sections. Arro\\s indicate the Goss orientation, and the contour
line of the a'"eraJte ,"aluc is indicated by 'A'

the Euler angl~s u~mg Bungt:'s nl\tation [117]. They observed that in high-permeability

steels. the probabilll~ of this t~ pt: of boundaries shows a sharp maximum of 760/0 at the

Goss orientation and a minimum that is 370/0 at the main texture component. It must be

noted that such difli:n:nct: in tht: probability is very large at approximately 40%. In the
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case of conventional steels, the Goss grain bas a higher probability of being surrounded

by the middle misoriented high-energy boundaries, however the maximum position is

rotated by 20° from the Goss orientation around the NDlI<ll 0> axis. Here.. ND denotes

the direction normal to the sheet.

A dispersion of second-phase particles retards the movement of grain boundary. It is

known that growing and shrinking precipitates influence the •.1\00 of Fe-Si electrical

steels. It is conceivable that random grain boundaries would move more easily than

special boundaries because the lower energy of the special boundaries provides a greater

barrier to the transitory structure modification required when a boundary moves. Apart

from this~ the average growth of precipitates located at the low angle grain boundaries

(LAGB) and special grain boundaries is slower than that of the precipitates loeated at the

high-energy boundaries. This is a direct consequence of the higher grain boundary

diffusivity associated with the random boundary than the LAGB or CSL boundaries.

Higher diffusivity is responsible for a higher rate of precipitate coarsening and a

reduction of pinning of grain boundary movement by preeipitates. Thus. the coarsening

of the precipitates is expected to oecur mueh [aster on the random boundary regions.

This would cause an earlier release of those boundaries during grain gro\\1h. Based on

this argument~ Hayakawa and Szpunar [153.154] assumed in their Monte-Carlo

simulation that at the beginning of annealing. ail the grain boundaries are pinned by

precipitales. As th~ rate of coarsening of precipitates is higher for high-energy

boundaries. al th~ carly stages of annealing.. only the high-energy boundaries move when

the precipilates on these boundaries coarsen ta sorne critical size for the pinning. In other

words. th~ grain boundaries ha\-ing higher energy than a critical value (El:) can move and

the oth~rs ~annot. This critical \'aille dccreas~s as the annealing proceeds allowing e\'en

lower encrgy boundaries to mO\'e at the latter stages of annealing. By assunling a linear

decrease of critical grain boundary energy as a function of Monte-Carlo steps (MCS).

the authors obserycd that the Goss grains grow abnormally for a specifie rate of

precipitate coarsening. The same research group aise used x-ray texture measurement

and Orientation lmaging Microscopy (OIM) to analyze the raIe of high-energy grain
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boundaries. The OIM observation produced evidence that at the initial stages of

annealing, the growing Goss grains are surrounded by a higher number of high energy

grain boundaries [151 ~154,155] than the other matrix grains.

•
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1

•

AIso, the experimental findings by Watanabe [158] demonstrate that the large growing

grains have a high number of high-energy grain boundaries. At high concentratîons of

alloying elements and at high temperatures, the high-energy grain boundaries have the .

highest mobility and the highest precipitate coarsening rate and consequently are

unpinned from precipitates earlier than other boundaries. The high mobility of the high

energy grain boundary and low mobility of the low energy grain boundaries (LEGB) in

industrial purity metals is observed even if the precipitates are not present and can be

explained using vacancy mechanisms. It is weIl known that grain boundary migration

takes place because of the exchange of atoms between grains through vacancies

[62.159.160}. The high-energy grain boundary is more capable of absorbing and

emitting vacancies [161] because the number of vacancies is related to the disorder in

the grain boundary structure. The high-energy grain boundary has a more disordered

structure: therefore a high number of vacancies and dislocations should contribute to a

high mobility of these boundaries.

In the present research. a computer procedure has been developed and employed for

studying the importance of mobile boundary fractions and the role of different classes of

boundaries that are responsible for the groV-ith of Goss grains in a matrix which

conforms to th~ prima~' recrystallized texture.

4.2.2. J\.fet/lodologyJor conlpllter experinulll 011 grain bOllndary fractions

ln a polycrystalline material. \'arious microstructural features play an important role in

deciding the frequ~ncy of occurrt:nce of a particular type of grain boundary. These

microstructural featun:s are the orientation distribution function (ODF). the correlation

between neighboring grains. aH types of microstructural inhomogeneities like bands of
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different kinds observed in deformed metals, clusters of grains of similar orientation..

and the grain size distribution. Under the assumption that a primary recrystallized

specimen with equiaxed grains has very little inhomogeneity. Morawiec et al. [118]

developed a computer procedure for calculating the frequencies of various types of grain

boundaries in Fe-3°/ôSi steel in accordance with the measured ODF. In their calculation..

these authors ignored the clustering and spatial relations between the grains in the

matrix. The electron microscopie analysis of grain orientation and size in Fe-Si. by

Bottcher et al. [147] demonstrated that the Goss grains are randomly dispersed in a

primary recrystallized matrix. The computer simulation and experiments described by

Hayakawa et al. [152.153] for primary recrystallized Fe-3% Si steel also indicate that the

spatial distribution of grains is random.

•
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•
An equiaxed grain structure of a primary recrystallized matrix can be modeled using a

uniform 3-dimensional polygonal structure. This polygonal structure should he such that

it has a high numb~r of nearest neighbors in order to minimize the anisotropie effeets

arising from the structure. The computer model developed for this \vork is composed of

three-dimensional honeycomb grains with 12 nearest neighbors as discussed in section §

2.7.3. Each honeycomb polygonal structure is a lanice unit in this computer specimen

and corresponds to a primaT)' r~crystallized grain. This is different from the Monte-Carlo

modeling. wher~ the: number llf neighboring honeycomb polygonal lattice structures are

grouped to fonn a grain. The: present model is employed to check the type of boundaries

responsible for ahnorrnal grain gro\\1h and understand the importance of mobile

boundarics. The polygonal structure used as a grain structure in this model can be

describcd [15] hy the hasis anJ transitional \'~ctors as in equations (2.11) and (2.12). In

this \\ork. .\"..• =71. .\ .. =82 and .\. :~n ha\'~ hecn assumed to get an approximate cubic

computer specimen \\ ith total number of .'..1 Sb Xc == 506514 primary recrystallized

grains.

The algorithm de\dl.,~J by \ll)ra\\iec Cl al[118] is used to assign crystal orientation to

the generated grain~ in accordance \\'ith the experimentally measured ODF. Grain

misorientation ang.le. \\ hich is ddined as the lowest among the 24 equivalent angles and
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the corresponding rotation axes~ are calculated by using the unit quaternion [162]. The

CSL boundary is defined by comparing the quaternion of the grain misorientation with

that of CSL using the Brandon criterion [49], which aIlows 15/r l12 degree of deviation

from the ideal position. To study the grovvth behavior of an orientation~ at the beginning

of the computer run. that orientation is assigned to a gmn at the center of the computer

specimen. Theo the grain can be allowed t'Û grow by assuming that certain type of grain

boundaries with specifie misorientation are "allowed' and others are ·forbidden·. If the

encountered grain boundary is an allowed boundary~ then the grain~ which has that type

of grain boundary. is assigned the same orientation as the growing grain. When the

growing grain meets a forbidden boundary. then the grain, which is surrounded by that

boundary. is left unaffected. The same procedure is carried out for aH the nearest

neighbors of the growing grain at each instant. which is called a growth step. Thus. the

gro\\lh step in this computer experiment corresponds to the time. At any particular time~

the grain boundary character distribution (GBCO) around the growing grain can be

computed based on the orientations of its neighbors. It should be added that if an active

grain is aIlo\ved ta grow equally in aIl directions. then the total number of nearest

neighbors. .v at each gro\\1h step. 11 is dictated by the following equation:

x = IOn:! +20n + 12 where n =0.1.2.3... (4.2)

•

Equation (4.2) assumes that at l:ach step. only the nearest neighbors are consumed. The

kinetics llf the: gn\\\ ing grain in thl: computer experiment can be expressed by recording

the \,o[umt: of thl: grc.lin as a function of gro\\1h step. The volume of a grain is defined as

the numher of latticc units it has. In each gro\\th step. aIl the peripheral lattice units that

bound the grll\\ ing grain are: allll\\ed to grow further depending on the type of the

boundaries lhc~ make with the growing grain.

It is important to nole that thl: main purpose of this computer experiment is to assess the

capability of a particular orientation 10 gro\v abnonnally in the matrix of known üDF.

As only the central grain (with an assigned arbitrary orientation) in the computer
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specimen is analyzed, this computer model can be applied to the initial stages of

abnormal grain growth. During the initial stages of abnormal grain gro""th either very

slow growth or normal grain growth of the matrix grains is expected. Because of the

normal or slow growth of the matrix grain. the statistical average of misorientation

between the abnormally growing grain and matrix grains is not altered significantly as

assumed in this computer mode!.

The two different types of primaIJ· recrystallized textures are investigated using the

assumption that the middle misorientation boundaries (20°- 45°) are highly mobile for

the case of both the con\"entional and high-permeability electrical steels. The orientation

distribution function. ODF (using Bunge's notation [117]) ofboth steels are presented in

Fig. 4.3 and 4.4. These ODFs are calculated from the experimentally measured pole

figures (110). (20G) and (:! Il) of the conventional and high-permeability steels. The

conventional Fe-3%Si steel has a main texture component of {III}(IIO) with the

maximum intensity of 7A wherc:as the high-permeability steel has a main texture

component of (III:< 112) \,·ith a maximum intensity of 11.8.

4.2.3. Fractiolls ofgrai" bOlllltlarieJ alld tlleir importance

Several in\'estigatiuns [67.151.1521 \\erc made to evaluate the fractions of different

types of grain hounJarît:s arounJ the Goss grain in specimens obtained after primaI")·

recrystal1izatil\n in Fr.:_~o oSi ...tc:ds Il was shown that there is 13~,~ of ~3-L9 CSL

boundaric:s ((,7) aruunJ the (;llSS grain. The next highest frequency of r3-L9 CSL

boundaries is -10° 0 Itlr :Ill: 112:· oric:ntation component [67]. These (\\10 orientations

have a dincr~nce ln the prohahlhties of ~3-~q CSL boundaries of only 3°!<l. If 2:3-2:29

eSL boundaric:, ~rc: ~unsi(,h:rcJ. lh~n the: (ius~ and Il Il }(1I:!) orientations have the

probabilities of hcln~ 'llrrounJ~J ~~ 200
0 anJ 1<)(%. respectively. On the other hand the

fraction of hi~h-cn....rg~ ~r~m houndaries around the Goss grains is
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COntour Level5 1.0 3.0 S.O 7.0

Fig. 4.3. ODF of conventional electrical steel

•

ContoLW' LftlIII 2 0 4.0 s.o 10 10.0

• Fi~. 4.-4. ODF of high-permeability electrical steel
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approximately 690/0 [151~152] (refer Fig. 4.2) and the difference between the Goss and

that of the main texture components {111}(l12) in the high-permeability steels is

approximately 40%. Apart from the difference in mobility and energy between the grain

boundaries that surround the grains of these orientations during grain growth~ the

fraction of the mobile boundaries around these grains is the most important factor to be

considered. On various occasions [151~152], it has been demonstrated that the fractions

of CSL boundaries are too smaII to be responsible for major texturai changes that take

place in electrical steels.

At this stage it is important to introduce the concept of two kinds of fractions of mobile

boundaries. The first one will be called the matrix fraction (MF) of mobile boundaries of

a given orientation and is defined as the average initial fraction of mobile boundaries the

given grain would make with other grains having orientations defined by the orientation

-- - ---- ----------
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Fig. 4.5. Simulated growth behavior of the grain '\o'ith
\'arious percentage of mobile grain boundaries

(MF) in the initial matrix

distribution function. Therefor~. the matrix fraction is a constant for a given orientation

of grain. As an examplc:. the matrix fraction of Goss orientation in the matrix of primary

recrystallized high-pcrmeability steel. under the assumption that middle misorientation

angle boundaries are 'mobile- _ is about 76%). One can introduce now the peripheral

110



Chapter 4 Abnormal grain growth in Fe-3% Si steels

•

•

fraction (PF), which can he defined as the average fraction of mobile boundaries

bounding a growing grain at any instant of the growth process. Contrary to the matrix

fraction (MF) that is a constan4 the peripheraI fraction (PF) varies as the grain grows

and reaches a steady state after a certain number ofgrO\\th steps.

Abnormal groWth of certain grains requires a high MF. The higher the MF. the" higher

the gro\\<th rate is. The computer experiments carried out for various MFs shows (Fig. "

4.5) that the grain size is larger if the MF is higher. The growth of almast aIl the grains

stops when the MF is 10°tlo and 20%. On the other band, 100% of mobile boundaries

around the growing grain in a real metallurgical specimen would lead to normal grain

growth. In Fig. 4.5. calculated grain volumes of the grains that have the MFs of 30% to

90% are given. As these grains grow, the fraction of mobile boundaries around a

growing grain (PF) decreases. This phenomenon is illustrated in Fig.4.6. It cao be

observed that the PF reaches a steady state after a certain number of growth steps and

then remains constant. Also. we observe that for high MF values the steady state is

easily achieved \vithin a few gro\\lh steps, but for the low MF it takes several growth

steps. It is also evident that PF is ahvays smaller than MF. During the grain growth. a

reduction in the peripheral fraction around the growing grain for the grains with low MF

values is considerable. As an example. for the MF of 300/0 the steady state PF is

approximately 10%
: however. for the case of MF equals to 80% the steady state PF is

above 700/0 • In a real situation. abnormally growing Goss grains reach a steady state

grov:th rate after a certain period of time [163]. Because the growth rate at any instant is

also a function of the fraction of mobile boundaries around the growing grain. the steady

state gro\\lh rate corrc=sponds to th~ steady state PFs as is observed in the computer

experiments.
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From the r~sult~ l,htain~d h~ Lin ~t al [67]. if the mobile boundaries are r3-r9 CSL

boundari~~ th~n the (illSS grain \\lluld nol grow as it has the MF value of only 130/0.

Harase and his cu-\\orkers [04.65.1491 slressed the role of r9 CSL boundaries on the

developmcnt of Guss textur~ in dcctrical sleels. If the r9 CSL boundaries are the only

boundarics cllOsiJ~rcJ as the allowcd boundaries then the MF for the Goss grain would

be 3%. This ~xtrcmdy small ~rcentagc cannat influence the growth of the Goss grain.
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Chapter 4

4.2.4. Preferential growtl, ofGoss grains

Abnormal grain growth in Fe-3% Si sreels

Applying the growth algorithm explained in section § 4.2.2 to investigated specimens

and assuming that the middle misorientation boundaries are highly mobile. one obtains

grain size changes as given in Figs. 4.7 and 4.8 for the conventional and high

permeability steels respectively. Each CUlVe presented in the graph is an average oflO

simulations. The Figs. 4.7 and 4.8 show that the Goss orientation grows considerably .

[aster than other orientations in both the steels. In conventional Fe-3%Si steels. the main

component {111}(110) gro\vs faster than the cubic {100}(OOI) orientation. On the other

hand. the main component {111}(l12) in the high-permeability steel grows slower than

the cubic component. Comparing the conventional and the high-permeability steels~ it is

evident that grains with the Goss orientation grow much faster in the high permeability

steel than in the conventionaI steel. As the Goss grains grow, the change in the average

PF as a function of growth step is recorded and presented in Figs. 4.9 (a) and (b) for both

con\'enlional and high-permeability steds respectively. The steady state is reached

approximately after st:\'en gro\\lh steps.

4.2.5. Graill bOlllldary cllaracter distributions (GBCD)

An important use: of this computèr experimentation is that the grain boundary character

distribution (GSCO) can be computed and followed as the grain grows in the matrix. In

this work. the GBCDs \\"as sinlulated under the assumption that the high-energy grain

boundaries arè highly mobil~. using an average of the 10 different experiments. In each

experimcnt. the GACO around Goss grain is computed only after the growing grain has

more than 5UO ncighbors. This is to ensurt: a good statistical average. The computed

GBCD around tht: gro\\"ing Guss grain in the matrices of conventional and high

pcrmèability sh:d~ art: comparcJ with the t:xperimental results in Figs. 4.10 (a) and (b)

respecti\"ely. For the c:un\Oentional dectrical steel (refer to Fig. 4.10 (a». a comparison is
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Fig. 4.7. Volume as a function of growth step for grains having Goss
{lIO}<OOl>, l\lain {lll}<OII>, and cube {OOI}<IOO>
orientations obtained assuming that high energ)-' boundaries
have high mobilit)· in the conventional Fe-3°jo Si steel

25000
-;;... 20000 -+-Gossë

CD :1
E ID 15000 ___ Main
~~-::o ni
>-
c- 10000 -tr-Cube_ 0
fi ~
.. CI
t'J:I 5000E

~.:. a
0 5 la 15 20

Growth step

Fig. -I.S. \·olumc as a function of gro\\th step for grains ha\"ing Goss
(110:<001>, 'Iain {I11}<112>, and cube {OOt }<IOO>
orienlalions oht:.ained assuming that high energy boundaries
ha'~ hi~h mohili~ in the hi~h permeability Fe-3°h. Si steel.

114



Chapter4 Abnormal grain growth in Fe-3% Si steels

made between the calculated and experimental percentage of CSL boundary in the

specimens annealed at 950°C and IOOO°C [67]. The simulated average frequencies

(except rI) are similar and lie between the frequencies experimentally observed in the

specimens annealed al 950°C and 1000°C. EBSP data by Hayakawa et al. [155] is

compared in Fig. 4.10(b) with the simulated data obtained for the high permeability

steel.
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Fig. -1.9. A\'erage numbcr fractions of mobile boundaries around the
gro\\'ing Goss grains as a function of number of growth steps in
a) cOD\"entional and b) high-permeability electrical steel

O\'eralI. tht:st: Cllmputt:r expt:rim~nts demonstrate that the raIe of high energy grain

boundarics \\ ith tht: misoricntation between 20°-45° on the growth of Gass orientation in

Fe-Si steel is of decisi\"e imponance. As tàr as the CSL boundaries are concerned they

do oot play an imponant roh: in the AGG. because the value of MF for L3-r9 is about

13~,o for buth tht: \:llO\"ent1l'na1 anJ th~ high-permeability Fe-3~/oSi steels. The

simulations also Jt:nhlnstratt:J that if the: \IF is less than 20 0/0. the grain never grows

abnormally"
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1 The properties of grain boundaries govern the development of microstructure and texture

during an anneaiing process. [t is logicai to expect that the energy. mobility and the

diffusion aiong various grain boundaries should be taken inta account to expIain the

grain gro\Vth phenomena. As a next step toward understanding the abnonnal grain

growth in Fe-3% Si steels, an analysis on grain boundary mobility and its dependence on

misorientatian is presented in the following section.
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Fig. 4.10. Comparison betwecn the simulated and experimentally determined

GBeD (5) for grains bounding the growing Goss grains for the a)
conventional and b) high-permeability Fe-3°k Si steel.

4.3. GR.-\I~ BOl'~DARY :\tOBILITY AND MISORIENTATION

Tht: mobilit~ ofatoms and ions is considerably higher at grain boundaries than inside the

l!rain. A dt:tailt:d al:Cllunt or l?rain boundar\' diffusion in metals is dealt b\' Peterson..... .... .

•
(164). Il is expt:cted that a relation betwt:t:n boundary diffusion and grain boundary

energy might exist. since both the activation energy of diffusion and the grain boundary

energy are dependent upon the atomic binding forces within the boundary region.

Bonsov et al. [165] studied this problem and derived an equation which relates the grain
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boundary diffusion and the grain boundéUY energy. This equation has the following

form.

(4.3)

where E is the grain boundary energy. m is the number of atomic layer fonning the'

boundary and assumed to be unity [165]. a is the mean distance between the

equilibrium positions of the atoms. T is the temperature and 5 = ma is the width of the

grain boundary. Borisov et al [165] estimated parameter Â. as being approximately unity

and because the diffusion of Fe and S in a -Fe occurs by a vacancy mechanism, the

parameter a assumes a value of 2. The relative diffusion coefficient e =DKb / DI is

given by the ratio of grain boundary (Dl:h ) and lanice diffusion (DI) coefficients. As

pointed out by Pelleg [166]. in spite of the many simplifying assumptions of Borisov et

al. [165]. the values obtained using equation (4.3) compare weIl with the results observed

for cubic metais.

By substituting the above values in equation (4.3). and by simple rearrangement. the

following relationship is obtained.

[
D.:.. ] . EIn8= In- =2a-E.,~
D. '"L. kT

(4.4)

Since the relative grain boundary energy Er.:1 = ElEm is a function of misorientation

angle. then equation (~A) can h~ used to express the relative diffusion coefficient as a

funclion of misoricntalion angl~. The Fig. ...l.11 shows the computed relative values of

grain boundary self-diffusion coefficient as a funclion of misorientation angle. The grain

boundary diffusion data compiled by Kaur and Gust [164] is comparable with the

calculated values. In the present work. the same method is used to compute the values

of sulfur diffusion co~fficient as a function of misorientation angle. The average
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[164~165] experimental grain boundary diffusion coefficient is in agreement with the

calculated average value. These diffusion coefficients are used in this simulation work ta

compute inherent mobility and particle radius.
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Fig. 4.11. Grain boundal1· self diffusion coefficient as a function of
misa rientation

The mobilit~ is calculated from the acti\'ation energy Qgb of grain boundary self

diffusion (which is a function (lf misorientation angle) as

{J,- "
.tl = .\1 ~\"' -

r". Hl"; (4.5)

•
Here the rdati\~ mhc:rent ffil1bility paramt=ter ~\frel is computed by normalizing the

mobility with thal l,f the ma:\ltllum inhcrent mobility. The calculated relative inherent

mobility as a funt.:uun of nli~4.lnentation is given in Fig. 4.12. According to this curve.

the relative mobilil~ is the highc:st for the middle misorientation grain boundaries.

118



1

Chapter -1 Abnormal grain growth in Fe-3% Si sree/s

~ 0.8
12
o
E
ë 0.6
CD
~

CD

"Ë 04
CD
>
~ 0.2
Qi
a:

•

O"""-'-~------_..E::a""''''''

o 5 10 15 20 25 30 35 40 45 50 55 60

misorienation angle (degree)

Fig. ·t12. Inherent mobility as a function of misorientatioD for
Fe-Si steels

4.4. '10~TE-CARLO MODEL WITH ANISOTROPie MOBILITY

The same Monte-Carlo model dt:scribed in the section § 2.7.2 is used to analyze the

gro\\1h of Goss texture in the conn~ntional dectrical steel. In the tirst test the effect of

precipitale partidcs pinning \\-as not implemented. The computer specimen employed

for this simulation work is described in section § 1.7.3. The computer specimen

represents the OOF of con\'entional electrical steel given in Fig.4.3. This ODF has the

main texture componcnt of : Ill} 0 Il:', with the maximum intensity of 7.4 and the Goss

component has an intensity of 3.8. The grain orientations were assigned to the computer

specimen and the rccalculated ODF of 5 such specimens that is given in Fig 4.13 exactly

matches the original ODF. Among the 1500 Voronoi grains generated. a maximum of 73

grains ha\'e the orientations with a de\·iation of less than 15 degrees from the ideal Goss

orientation. The numbcr of such grains is dependent on the intensity of Goss orientation
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•

in the ODF determined from experiment. The grains with a deviation of less than 15°

from the ideal Gass orientation are considered to be Gass grains in this simulation work.

This is mainly because, there are ooly 1500 grains used in each simulation work and

grains having a small deviation from the Goss orientation are very few.

4.4.1. Simulation o/grain growtl, Hlit" anisotropie grain boundary mobility

The ~1onte-Carlo simulation \\"as carried out using the calculated inherent mobility of

grain boundaries, without considering the presence of pinning by particles. The result of

this simulation suggests that the inherent mobility itself has a major influence on the

selection of Goss orientation. However. the selected Gass grains grow normally (particle

pinning is necessary for abnormal grain gro\vth). At this juncture. it is meaningful to

understand the parameters. which dictate the growth behavior of the grains in the matrix.

Ta do 50. each Goss grain is follo\\"ed in the simulation and the results obtained at

MCS=Q and 1000 are analyzed in d~tail.

COntour LfV1115 1.0 30 5 a 7.0

Fig. 4.13. Rccalculaled OUF of con\'entional electrical steels from the
computer specimen
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At the initial stage there are 1500 grains in the computer specimen. Out of them 73 are

Goss grains. After 1000 MCS only 19 Goss grains remain out of the total 694 grains. At

this stage~ among the first 1 1 larger grains~ all the grains are Goss grains except 2.

Within the first 1000 MeS. 54 Goss grains are consumed by other growing grains. This

means that the shrinking rate is higher for the Goss grains. Among the 19 Goss grains

present at the end of 1000 MCS~ 4 grains have less than its original grain volume (i.e..

they are in a shrioking mode) and the remaining 15 grains are in growing mode. At the

end of 12000 MCS where only 34 grains dominate the whole computer specimen, out of

them. the first 7 largest grains are aIl Goss grains. From the beginning of the simulation~

the grains with deviation of 11.07° and 7.66° from the ideal Goss orientation grow faster

than the other grains.

The analysis of the results from this simulation work shows that whether the Goss grains

grow or not is strongly influenced not only by the grain volume but also the grain

boundary energy to \'olume ratio Jnd the number of neighbors. These pararneters decide

which grain would grow and which grain would shrink at each stage during annealing.

The \'alue of relati\'t: grain \"olumc. grain boundary energy to grain volume ratio and the

number of nearest ncighbors fllr the growing and shrinking Goss grains are given in

Table 4.1. The growing and shrinking Goss grains are identified by comparing the grain

\'olumes at ~tCS:;O and !VICS= 1000.

lt is imponant to nlH~ that tht: Ci B energy to grain volume ratio for the growing Goss

grains is 2.4-. \\hi,-=h is much Jess than the o\'erall a\'erage that equals 2.9. The latter ratio

is less than the ratio tl)r the shrinking Goss grains which is 3.0. The energy used here is

the rdati\·~ ~ne:rg~ gl\Cn in Fig 4.1. Th!.: an:rage number of neighbors for all grains is

16.6. \\ hich is gre:ale:r than the: a\ c:ragc: number of neighbors of shrinking Goss grains.

which is 15.5. The: grl1\\ing Guss grains han: 20.9 neighbors~ which is much greater than

the overall averagc:.
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•

•

Table 4.1. The ratio between total relative grain boundary energy and grain
volume and number of nearest neighbors at the beginning (MCS=O) of the
simulation for aU the Goss grains present in the computer specimen.

Status of
Number "Relative Ratio betwe"en total Average

Goss grains
of Goss grain Relative GD energy numberof
grains volume & grain volume neigbbors

Growing Goss grains 15 1.6 2.4 20.9

Shrinking Goss grains 58 0.9 3.0 15.5

Ali the Goss grains 73 1.1 2.9 16.6

According to HillerCs [60] the size advantage is considered to be the prime controlling

factor for the grain growth. From the relative grain volume data given in Table 4.1, it is

clear that the grain volume has a positive influence on the selection of growing grains.

Howe\"er~ two out of 15 growing Goss grains that are present after 1000 MeS in this

simulation had volumes. which \vere lower than the average grain volume at the

beginning of simulation. Apan from that. about four Goss grains, which had volume

more than 1.5 times the average volume at the beginning shrank and disappeared after

1000 MeS. Among the grains ha\·ing volume more than the average~ sorne grains grow

and sorne grains shrink. Thus. based on grain volume alone, the probability of gro\\l1h of

a grain cannot be predicted. One must take into account the shape of the grain and where

it is located in the microstructure:. Aise a growing grain sheuld preferably have high

volume. low energy to volume ratio and a high number of neighbors compared to other

grains, Analysis of gro\\th beha\"ior of the existing grains after 1000. 2000 and higher

number of \fCS \'alucs confirm this observation.

..1.5. PRECIPITATE PARTICLES AND THEIR IMPORTANCE IN

ABNORl\1:\L GRAI~ GRO\\'TH

Since the analysis on pinning of grain boundaries by particles by Zener (published by

Smith) [56], much rcsearch was focused on the effect of particles on recrystallization
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and grain growth. This phenomenon has been modeled by various authors [106..167-170]

using a constant particle size (inert particles) throughout the simulation. To understand

the real behavior of metals, during annealing it is very important to model both

interdependent processes., namely the particle growth and grain growth~ This problem

has been analytically modeled [91~171] by combining particle coarsening kinetics with

grain growth kinetics. Like previous analytical works [86~167~ 168], this procedure

suffers from the inability to deal with texture and does not account for topological .

information about grains. This topological information is handled weIl in Monte·Carlo

modeis. Aithough sorne work on computer simulation of secondary recrystallization

[15~106J 72] has been carried out~ very linle is known on the effect of the presence of

second phase particles on the dynamics of the recrystallization during the process of

particle coarsening. The main reason is the complexity involved in managing various

important microstructural parameters in the computer programs. In this work. an attempt

is made to study the effect of gro\\lh of the second phase panicle on the kinetics of

grovwlh of grains of different orientation in grain-oriented silicon steel.

4.5.1. Ostwald ripellillg ofprecipitate partie/es

It is well-established that the Zener pinning of grain boundaries by precipitates like

~lnS. AIN. etc. stabilizes the grain size during normal grain gro\\th and the Ostwald

ripening at high temperature fa\'ors the abnormai grain growth in silicon steels. Any

system of disperscd soluble particles randomly distributed in a medium will be

thermodynamically unslable duc 10 a large interface area. The different diffusion rates of

particle forming elements in th~ matrix and grain boundaries allow the particles to grow

or to shrink with different rates depending on their location. The fundamental theory of

particle coarscning in the supcrsaturated solid solution by diffusion pracesses has been

dcvdoped by LifshitL and Slezho\' [173 J and further by Wagner [174] and will be

referred in this pa~r as LS\\" theDI·Y. This theary assumes that the particles are

distributed al random o\'er the matrix volume. However, at the end of primary

recrystallization. the prcsence of grain boundary pinning can enforce transition from the

statistically random distribution of precipitates over the entire volume of the matrix ta
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the preferentially ordered distribution along grain boundaries. The mathematical

treatment of coarsening of precipitates along grain boundaries is dealt in detail by

various researchers [175,176]. The overview on the Ostwald ripening theory by

Vengrenovitch [177] summarizes the formulae for coarsening of particles at various

conditions. The diffusional growth of particles in the matrix is govemed by the equation

given below

(4.6)

•

Here rOi and r, are the radii of the particle corresponding to the initial state and to the

state when time equals to l. Thc= energy of the particle-matrix interface is a and vm is

the molar volume. The parameter CT. represents the equilibrium concentration of solute

atoms in the boundary away fronl the precipitates.

On the other hand the gro\\1h of particles by the diffusion of solute atoms only along the

grain boundary is go\·erned by [177J

oC ~ 'D~ ~ 8 . ("";, ~'"
r -r =--- ~-l

g" Ug/l 9 AIJRT (4.7)

Here ~'':. and r.. art: th~ raJii ur panid~s al 1 equals zero and 1 respectively. The

paranlct~r .-1 and il arc ddincd hy the following equations

•

2 E.~ (E .• ',
A .. "=---+I-J

3 a '. CT .

and

(4.8)
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(4.9)

Here fa is the area fraction occupied by n precipitates on the boundary.

The equation (4.7) is derived based on the assumption that the signifieant transfer of_

matter occurs through the grain boundariès. Recently~ Hay! [178] has come up with a

mathematical formulation for coarsening of precipitates Located on grain boundary. with

a more realistic assumption that the diffusion of solute oecurs both through the bulk and

aIong the grain boundary. This formulation makes use of a parameter, which is similar

to the one known in the heat transfer literature as the convection coefficient.

Unfortunately. very Little is kno\\n about this parameter except that when bulk diffusion

coefficient DI is zero. this pararneter must also be equal ta zero.

In this study. coarsening of precipitates on the grain boundaries is approximated by

combining the effecl of equations (4.6) and (4.7). AlI the necessary data have been

taken from the v,;ork published by Swift [179.180]. The particle gro'-"1h is assumed to

be controlled by the diffusion orsulfur [180]. The relative radius. r{n:/) namely the ratio

of particle radius at an)' time (t) to the initial radius (at time t=O) is ploned as a function

of real time for \·arious grain boundary energies and is shawn in Fig. 4.14. The initial

average radius is assumed ta be 220 nm (179].

4.5.2. Zener particle pinnillg

Disperscd partidcs llf differcnl radii han: different pinning pressures on the migrating

bounda~. This phcnllmenon \\as tirst identified by Zener [561. By assuming the shape

of th~ particlc.:s to l'\c spherical \\ ith radius rand incoherent with the matrix grains. the

pinning pressure that is exerted on the boundary is given by

• 3 f,.E/o: frn =---
: 4 r

(4.10)
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Here .r. is the \olumt: fraction of the: pn:cipitates. Various researchers questioned the

Zener's assumptiun. hut tinall~ t:nJc:d up with essentially similar results. Hellman and

Hillert"s (1811 arpn,~~h to thls prllblem suggcsted that a correction factor fJ is to be

(4.11 )

•
/

The P parameter rangt:s bc:t\\ ccn 0.-1 and 2 for values of 'Ir between 1 and 105 where

p is the net radiu~ of cun'atun: (lf the moving boundary. Thus general agreement is that
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for a constant volume fraction of the particles in the matrix, the pinning pressure is

directly proportionai to the grain boundary energy and aIso inversely proportionai to the

average radius of the particles. In arder to incorporate the pinning effect in the Monte

Carlo simulation employed in this study~ a dimensionless parameter n is introduced and

is defined as:

•
Chapter4 Abnormal grain growth in Fe-3% Si steels

(

E(ITI) j' )
Q = Z gb / r (rr:l) (4.12)
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Fig. ~.15. Calculated chan~c in pinning pararncter n for grain boundaries
with differcnt grain h()unda~' energy as a function of tirne

•
Th~ values of Q a..... a function l}f limt: \\'t:n: calculated based on equation (4.12) and the

results obtained an: gl\~n in the Fig. -+.15 lor \'arious grain boundary energies == l. It is

interesting ta note that th~ pinning. d1èct lor higher relative grain boundary energies

such as 1.2 and 1.1 is lower when compared to the grain boundary energy of 1.0. In fact
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the pinning parameter for E~:/)=1.2 is comparable ta that of E~:/)=O.8. This means that

the grain boundary with high energy (e.g. E~;:/)=l.2) has a lower pinning pressure when

compared to the grain boundary with lower energy (e.g.E;n=1.0)" Though this result is

a direct consequence of the concept of Zener pinning, consideration of different particle

coarsening rates at different grain boimdaries yields a new result. This differs from the·

usual assumption that the higher the grain boundary energy, the higher is the pinning

pressure.

Having parameterized the particle radius and pinning as a function of time. it is possible

no\\" to incorporate them into the Monte-Carlo model and study the development of Goss

texture by abnormal grain gro\\lh.

4.6. MONTE-CARLO SIMULATION OF ABNORMAL GRAIN GROWTH

WITH MnS PARTICLE PINNING

The Monte-Carlo procedure with precipitate particles is run ta simulate the grain gro\vth

and texture development in con\'entional grain-oriented electrical steel. Specifically. the

enhancement of size of Goss grains by the presence of precipitate panicles is studied.

The ~lnS particle gn.1\\1h functilln sho\\TI in Fig. 4.14 is used. The Zener pinning

parameter. n (discusscd in section § 4.5.2) is incorporated in the program [106] such

that presence of panicle always opposes the grain boundary migration. Initially aIl the

boundaries are pinned with the same-sized partieles. which is 220 nm [179]. ln order to

initiate the diftè:rence in pinning effeet on dinèrent grain boundaries. the particle radius

is allowed to grow for -+ minutes. bdore the actuaI grain gro\\fth simulation starts. This is

carried out ta initiate the anisotropy of particle size on different grain boundaries. The

approximation that each grain boundary is associated with a particular type of particle

gro\\1h rale is deri\"cd from th~ anisotropie grain boundary energy. This approximation

is justifiable [165) as the bulk diffusion is much Iower than the grain boundary diffusion.
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Chapter4 Abnormal grain growth in Fe-3% Si steels

The main problem is to correlate the MeS to rea! time. In a simple Monte-Carlo

simulation, where grain boundary mobility and energy are constan4 the MeS and real

rime (t) are related by an exponential factor [13] as below.

Mes =t exp(- W1RT) (4.13 )

1

•

Here, exp (-W/R1) corresponds to atomic jump frequency. In a complex simulation such

as the one used in this work. it is very difficult ta deal with this problem. Here. the

Monte-Carlo simulation incorporates anisotropie energy of grain boundary, anisotropie

mobility and anisotropie pinning of the moving boundaries. The main aim of this work is

to incorporate the kinetics of particle growth and the changes of grain boundary pinning

that take place with time. into this Monte-Carlo computer procedure. Ta find a relation

between the computer and true time scales, this Monte-Carlo simulation is run with

different particle gro\\th rates and the growth of the largest grain is followed. Among

the various time scales used namely 20 MeS. 100 MCS, 200 Mes and 500 MeS equals

ta one second: the 100 MCS assumed ta he equal ta one second scale gave an abnormal

gro\\lh of Goss grain. This Goss grain is deviated by 7.66 0 from the ideal orientation

and has a grain size of the order of 35 times the average grain size after 7000 MeS. AIl

the diffusion coefficients used in this work correspond to the temperature 0[975° C.

4.6.1. Simulated textllre and ",ieros/rlic/lire usÏ1zg MnS partide pinning

In order to oblain a rdiable statistical result five similar simulations \\'ith different

computer specimens mapped to represent the same primary recrystallized experimental

ODF (refer Fig. .;.3) were followcd. The ODFs \Vere calculated during the grain grov.th

al every 1000 \1CS. The Figs. 4.16 n:presents the ODF sections ~~=45°. calculated at

3000. 5000. 7000. 9000 and 11 OUO iv1CS respectively. The calculalion of ODF beyond

7000 MeS is not very accurate. b~cause each of the 5 simulations was of less than 300

grains each, which is statistically insuffieient to calculate the ODF.
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130



Chapter4 Abnormal grain growth in Fe-3% Si steels

1

•

The section of ODFs presented clearly indicates that the intensity of bath the Goss and

main texture components grows at the beginning. Later in the consecutive grain growth

process~ the intensity of the Goss component stans to increase at the cost of the main

texture component. The Fig. 4.17 shows the change in the ODF intensity functionf(g)

during grain growth for various Mes. As mentioneéi previously by Hayakawa et al

[155], the grain with the main texture orientation. which grows nonnally.. is then

consumed by the abnormally growing Goss grains. The largest Goss grains that are

grown in each one of the 5 computer simulations with different starting microstructures

have the deviation of 7.7. 9.6. 9.5. 11.5 and Il.7 from the ideal Goss orientation. The

gro\\'th behavior of the largest grain is given in Fig. 4.18. The growth of the grain

reaches a steady-state gro\vth rate after 2000 MeS. Beyond 7000 Mes. the growth rate

remains approximately constant. This trend is close to the experimentally observed

steady state gro\\1h rate during abnormal grain growth in electrical steel [163]. Usually,

the end of the abnormal grain gro\\th is associated with the existence of low angle grain

boundaries that surround the growing Goss grains. as the Gass grains meet each other. In

this simulation work. the tinal microstructure has two other Gass grains.. which are in the

shrinking mode. Allthese Goss grains occupY aimas! 80% of the computer specimen.

Two-dimensional sections of the simulated microstructures for various Mes values viz..

O. 1000. 3000. SUUU.7000 and 9UOO ~·lCS are shown in Fig. 4.19. The t~iO growing Gass

grains an: painteJ gra~ .
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•

The matrix grains clearly show a normal grain growth, whereas, the Goss grains show an

abnormal grain growth similar to the experimental observation [67.155]. In the initial

stage of the simulation of grain growth, bath the Gass grains have dimensions that are

close to the average grain size. As the time proceeds, these Goss grains grow bigger in

size than other matrix grains and finally OCCupY nearly the whole specimen.

4.6.2. klobile boundaryfraction around growing Goss grains

In the previous section § 4.2.3. the importance of mobile boundary fractions has been

elucidated using a simple computer procedure. From those computer experiments

[182.183], it was pointed out that the fraction of mobile boundaries around the growing

grain called the peripheral fraction (PF) decreases with time. There are experimental

evidences for this phenomenon obtained using the orientation imaging microscopie

(OItv1) technique by Hayakawa et al [155]. In the present work. the area fraction of the

mobile boundaries (with grain misorientation of 20 - 45°) is followed for the three large

Goss grains discussed in the previous section and is shown in Fig. 4.20. Ali the growing

Goss grains have initially the mobile boundary area fraction of about 0.9. As the

simulation proceeds. the area fraction dêcreases and reaehes a sort of steady state. Here.

the area fraction decrcases to a value betv/een 0.3 and 0.2. In experiments this value is

not as low as the value predicted by this simulation. The reason is that. in the computer

experiment the growing large Goss grains impinge each other, therefore reducing the

area fraction of mobih: boundaries around Goss grains as presented in Fig. 4.10. One

should alsll hear in mind that this simulation has only 1500 grains. This is also another

reason for tht: early impingement ofgrowing large Goss grains.

Apart from tht: grJin \"olume. g.rain boundary t:nergy to volume ratio and the numbt:r of

nearest neighbors. tht: mobile houndary fraction is also a deciding factor in prt:dicting

the Goss texture dt:\"dupment.
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4.7. SUMMARY

A simple computer technique has been develaped ta study the conditions for abnormal

grain gro\\1h in a matrix of primar:- recrystailized Fe-Si steel. The importance of the

fractions of mobile boundaries is discussed. The orientation that graws abnonnally

requires a high matrix fraction (~IF) of high mability boundaries. From the computer

experiments it can be concIuded that. a steady state of peripheral fraction (PF) is reached

during grain gro\\1h. The preferential gro\\th of the Goss grains is simulated in both

convenlional and high-permeability steels by assigning a high mobility to grain

boundaries with misorientation angles between 20° and 45°. This assumption
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•

satisfactorily reproduces the experimentally observed GBCD around the Goss

orientation during grain growth.

The assumption of the high mobility of CSL boundaries r3-r9 does not support the

abnormaI gro~th of Goss grains beeause these boundaries may eontribute only 13% to

the total number of boundaries that surrounds the Goss grairis. According to thë results

presented, such a lovy' number of mobile boundaries is not sufficient for abnormal grain

growth ofthese grains.

Computer simulation of abnormal grain growth is carried out using a modified Monte

Carlo procedure that incorporates a full description of microstructure and texture. This

computer procedure takes inta account the anisotropie grain boundary energy, mobility

and the kinetics of growing particles. It is observed that in the simulation. the

anisotropie energy and calculatc:d anisotropie mobility of the grain boundaries ensures

the excellent selection of Goss grains. The presence of growing MnS particles enhances

the grain size of the Goss compon~nl and produces abnormal grain groVv1h.

It is also noted that at the initial slag~ of the simulation the intensities of both the main

texture eomponenl (i.e.. {Ill: 01 1 ) and the Goss texture components increase.

However. at the latter stages. the: inlcnsity of Goss component increases at the expense

of the main le:Xlun: cllmpone:nt. The simulated microstructure shows that the matrix

grains grll\\ nllmlall~ \\ herca~ the Goss grains grow abnormally.

Among the: physical paramelers that decidc lhe abnormal grain gro\\-1h. namely the grain

volume. grdin htlunJar: cnt:rg~ III \ (JI ume: ralio. lh~ number of nearest neighbors and the

fraction of mohih: ~lundaric:s arllunJ a gro\\ ing grain are the most important.
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ANNEALING OF NANOCRYSTALLINE Ni AND
Ni-Fe ELECTRODEPOSITES - APPLICATION (III)

The main goal of this chapter is to apply the Monte-Carlo model to the study of texture

and microstructure development in nanocrystalline Ni and Ni-20% Fe and Ni-45% Fe

ekctrodeposits. The tirst section § 5.1 of this chapter reviews the annealing behavior of

the nanocrystalline materials with a major focus on Ni and Ni-Fe alloy electrodeposits.

The discussions on texture analysis of these electrodeposits are given in section § 5.2.

The predicted grain gro\\1h model is presented in section § 5.3. This model is

implemented into the Monte-Carlo procedure and is described in section § 5.4. Finally

in the section ~ 5.5. the discussion on the Monte-Carlo simulation and the results

obtaincd an: dc:scrihcd in detail. The summary of results obtained is given in section §

5.6.
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1

5.1. REVIEW ON ANNEALING OF NANOCRYSTALLINE MATERIALS

As discussed previously in section § 2.6~ the nanocrystalline materiaIs may exhibit special

properties during anneaIing due ta the high percentage of intercrystaIline regions, which

makes them thermodynamically unstable. Most methods currently used for the synthesis of

nanostructured materials produce materials with considerable residual porosity. The·

porosity, residuai trapped species from processing, etc. are the parameters introduced by the

processing methods used for synthesis. \\..-hich would eventually affect the thermal behavior

of the nanocrystalline materials. Electrodeposition is one of the mast promising techniques

available for producing tùIIy dense nanocrystalline material [184] that is economically

viable for bulk production. The impurities introduced in this processing technique are

mainty in their elemental forms. On the contrary. in the gas condensation technique. the

impurities that are mainly in the form of oxides. nitrides, etc., are concentrated at the

surface of the nanocrystalline particle: and could be carried over to the interface during

further processing. Therefore. a study on grain growth of fully dense electrodeposited

nanocrystalline material cloes not need to consider the effect of the residual porosity and

trapped species.

5.1.1. Grain boulldaries ill IlallOcf")'slallille materials

Before attempting tn sul\"~ the grain gro\\lh problem. it is important to know the structure

of the grain bllundan~~ that ~xist ln th~ nanocryslalline materials. There are two different

opinions in th~ litt:ratun: ...hllut th~ natur~ of the grain boundaries. The: non-equilibrium

high-energy structure of atums alung the grain boundaries [185-190] in extremely smaIl

grained materials appears plausible. gi\"e:n that in a 5 nm grain electrodeposit there is up to

50% of the aloms sitUJtc:J in the highly distortcd and defected environments provided by

the high density uf ~r.lIn junctilln~ The grain boundaries in nana and conventional

polycrystalline mat~nJl, Jn: oft~n Jith:rcnl. \\'undt:rIich et al. [189J noted that the grain

boundaries in nanu~~ ,t.llhnc PJ appcarcd to he different from that observed in

conventional coarse-gralOcJ Pd and ha\"c a smaller grain boundary thickness of 0.4-0.6 nm

than the generally acc~"rt~J \"aluc of 1 nm for conventional polycrystalline materials. A
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quantitative difference in the contrast in a vicinity of 0.6 nm at general grain boundaries

when compared with the similar one in conventional microcrystalline boundaries was

observed. This was attributed to the high-energy states of the grain boundaries in

nanocrystaIline materials. \Vunderlich et al. [189] also noted that in the nanometer-sized

crystals ordering of the grain boundary structure necessary to minimize the interfacial

energy does not take place since the curvature of the grain boundary has a much different

effect on the energy than in materials with larger grain size.

Various other investigations on nanocrystalline materials [191-194] indicate that the grain

boundary structures are no different from those observed in conventional coarse-grained

polycrystalline materials. In his revie\\' about nanocrystalline materials~ Suryanarayana [94]

raises however concems regarding the interpretation of results on grain boundary structure

by high resolution TEM. First. electron microscopie observation is done under ultrahigh

vacuum. Second. the influence of high-energy electron bearn on the shape and stability of

the nanostructures is yet to be defined. Third. since very thin specimens are required for

ultrahigh resolution TE~L the 3D cr~:stal arrangement of a bulk nanocrystalline specimen

gets transformed into a 20 arrangemt:nl. This process might change the boundary structure.

ln face thin foil specimen preparation may modify the internai stresses and hence the free

energy of the entire system. As the grain boundaries in the nanocrystalline materials are

highly mobile at tempt=ratures far bdo\\" the melting, the specimen preparation methods,

ultrahigh \'acuum. high-e:nergy dectron beam and 2D structure of the specimen may induce

structural change:.

Though the: cllntn.l\erS~ o\'er th~ structure of the grain boundaries in nanocrystalline

material is still nut r~slll\'cd as cxperimc:ntal observations are concemed, molecular

dynamics computer simulation \\url~ recc:ntly carried out by Wolf and his co-researchers

r195.196] support the: argument that thc grain boundaries are indeed in an amorphous state.

Thc:se authors obscn eJ that lht: gram ~llunc.larie:s in fully dense nanocrystalline materials.

by contrast with bit.:~ ~t~lline nllunJaries. lack strict long-range structural periodicity

parallel to the interface bccause many short-grain boundary segments with locally different

atomic structures can coexist in these highly constrained microstructures. As a
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consequence, the grain boundary energy is considerably more isotropie than in

polycrystalline rnaterials and the grain boundary width is rather uniform. Such greater

isotropie energy of grain boundaries may result from a high density of junctions which

makes rigid body translations in the grain boundary plane more difficult and therefore.,

energy of boundaries in nanocrystalline materials is high. The distribution of energy in

nanocrystalline materials is also more isotropie because a considerable portion of energy is

stored in the grain junctions and the density of junctions is high. One has to stress however.

that the type of grain boundary in nanocrystalline materials depends on the method by

which this structure is formed. For example. Gertsman et al. [197] have demonstrated that

the nanocrystalline monoclinic zirconium oxide may have a large fraction of CSL

boundaries.

5.1.2. Grain growth in nanocrystalline electrodeposits

Grain growth occurs in order to decrease the total energy of the system by reducing the

interfacial area. Since the nanocrystalline materials have a highly disordered large

interfacial component. the driving force for grain growth is very high. As an extreme

exampl~. Gertsman and Birringer [98] observed an abnormal grain growth at room

temperature in nanocrystalline copper produced via gas condensation technique.

As discussed in section § 2.6. the nanocrystalline Ni and Ni-Fe alloy electrodeposits show

bath normal and abnormal grain gro\\1h depending on temperatures and alloy

compositions. A detailcd grain gro\\th study [10] on Ni electrodeposits with the starting

grain sizes of 10 and 20 nm shows that the temperature at which the materials tend to

become unstabl~ is as lo\\" as 353 K. With increasing temperatures an anomalous grain

gro\\th takes place fonning a dual microstructure consisting of large grains that grow in a

nanocrystalline matrix until a uniform microcrystalline grain structure is developed at a

temperature of 562 K. Isothermal anncaling [10] of Ni nanocrystalline electrodeposits with

a grain size of 20 nm at 523 K rcsults in an abnormal grain growth. leading to a dual

microstructure after an ann~aling tn:atment of 60 minutes. From the recently published

\\·ork on isokinetic analysis on nanocrystalline Ni. Wang et al. [103J observed a similar
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result. These researchers suspect that the abnormal grain growth of pure nanocrystalline Ni

electrodeposit may be due to subgrain coalescence. However they aIso pointed out that this

mechanism might not apply ta nanocrystalline materials produced by ather techniques.

They aIso suspect that the grain boundary properties such as grain boundary structures and

selective solute segregation to different boundaries might be the reason for the abnormal

grain growth. The microstructure evolution during the abnormal grain groWth of

nanocrystalline Ni is described in the form of TEM micrographs [11,103] and these

micrographs show the clear coexistence of abnormaIly growing grain and nanometer-sized

grains. AIl these experiments show that when annealing the Ni electrodeposits at 673 K. an

abnormal grain growth take place. Similar to this observation, Ni-20% Fe alloy and Ni-45%

Fe alloy [100] also show abnormal grain growth at annealing temperature of 673 K.

5.2. TEXTURE MEASUREMENT

The texture measurements made on the as-electrodeposited nanocrystalline Ni [104], Ni

200/0 Fe [9] and Ni-45% Fe [198] using Siemens x-ray diffraction equipment. The results

show that the matrix is composed of (100) and (Ill )-fibers. During annealing at 673 K~ aIl

three materials shov\: the gro\\1h of (Ill )-fiber texture and decrease of strength of (100)

fiber texture. The Fig. 5.1 shows the change of fiber intensities obtained from their

respective pole figures as a function of annealing time for aIl these electrodeposits at t\\'o

different temperatures. namely 573 K and 673 K. The electrodeposited Ni shows the x-ray

pole figure intensities of 5.3 and 1.8 for (100) and (111 )-fiber texture components

respectively. In the cast: of Ni-20~'o Fe the intensities of (100) and (111 )-fiber texture

components are 7.1 and lA respecti\"ely. For Ni-45 % Fe case. the pole figure intensities are

5.3 for (1 DOl-liber and 3..+ for (Ill )-tiber texture components. As these grains grow

abnormally at 673 K. the: (Ill )-fiber texture grows more rapidly than (1 OO)-fiber. In Ni

45%) Fe. ( III )-fibcr attains a maximum intensity of 13 after 7 hrs of annealing. In Ni-20%

Fe electrodeposits. the (Ill )-fiber grows but not 50 rapidly as Ni-45% Fe, however

continues ta grow to the intensity of 6.4 even after 20 hrs of annealing. The (111 )-fiber

intensity in Ni electrodeposits. as in other cases is higher than that of (100) but the

difference is much lesser than in other cases and does not exceed 2.6. In aIl these cases the
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intensity of (lOO)-fiber component decreases during annealing. The (100) fiber intensity

after 20 hrs of annealing has been found to be 3.6~ 1.7 and 1.9 for Ni-45% Fe., Ni-20% Fe

and Ni electrodeposits respectively at 673 K. On comparing the pole figure intensities of

these alloys anneaIed at 573 K and 673 K. it can be observed that the growth of (Ill )-fiber

at 673 K is stronger than the growth at 573 K. Sin1ilarly. an increase in Fe content

increases the tendency for the (Ill )-fiber to grow strongèr than (1 OO)-fiber. The grain size

ofall the nanocrystalline electrodeposits used in this study is between 5-10 om.

In the present work~ an anempt is made to understand the basic mechanisms of grain

gro\\th that dictate the competition in gro\\1h between (Ill) and (1 OO)-fibers. Systematic

analysis of texture transformation obtained from experiments will be presented.

5.3. ANALYSIS OF TEXTURE IN NANOCRYSTALLINE Ni AND Ni-Fe

ELECTRODEPOSITS

As far as production technology and sample preparation techniques of Ni and Ni-Fe alloy

dectrodeposits are concemed. the readers may refer to the research works [9.1 OO~ 102.198].

Titaniunl has been en1ployed as thc substrate for aIl the nanocrystalline Ni and Ni-Fe

electrodeposits used in the present study. These electrodeposits are free of micro-twins

(199]. In the cast: of as-produced Ni-20% Fe and Ni-45% Fe nanocrystalline

dectrodeposits. the x-ra~ diffraction revealed the presence of the y-phase cnly. Even in Ni

45% Fe e1e:ctrudt:pusits. as it has bc:~n reponed [IOO]: the allcy existed as y-phase even

after annealing al 1173 K for 0.5 hr followed by slow cooling. The y-phase is a solid

solution of Ft: in ~i and has fcc structurc. Though the traces of a-phase has been noticed in

otht:r occasions uf anne:aling ri 001. the: cssential component of the studied alloy deposit is

y-phast:.

Grain grov.th behavior in nanocrystalline e1ectrodeposits is similar~ though not the mobility

conditions. to that of con\·entional polycrystalline bulk material. This is substantiated by
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the observation [103] of nuclei of abnonnally growing grains even in the mid-section of

nanocrystalline Ni foil.

As far as the texture information is concerned. a complete description of texture can be

given in the form of orientation distribution function (ODF). The orientation distribution

functions (ODFs) of as-electrodeposited Ni. Ni-20% Fe and Ni-45% Fe are given in Fig.

5.2. These ODFs clearly show that the deposits have typical fiber textures. Ali these

nanocrystalline electrodeposits show a strong Cl OO)-fiber and a weak (111 )-fiber.

5.3.1. Cluster analysis

As shown previously by \·ariou5 r~s~archers [12.92] bath analytically [12] and using

computer simulation [921 in conv~ntional polycrystalline materials. an initial grain size

advantage alone would not b~ sunici~nt to give a grain with a particular orientation the

ability ta grow abnormally. For succ~ssful abnonnal grain growth. there should be a

mobility condition. whil:h allows onl~ a panicular type of grain boundaries. to move faster

than the other grain boundari~5. Th~ traction of grain boundaries [182.1 83] with high

mobility at the periphery of the growing grain i5 as important as the mobility pararneter.

The higher the differenc~ betwecn thc fractions of high mobility boundaries between the

growing grain and othèr grains in th~ matrix. the higher is the probability that this grain

grow5 abnomlall~. Slml1arl~. the hlghèr the: mobility of the grain boundary surrounding the

growing grain. th~ hig.hcr is the: prohahility for abnonnal grain gro\\1h.

As given earli.:r. \arlllU~ authors 1\)~tlO)1 propllst:d that in the annealing ofnanocrystalline

materials tht: ~ull-graln ..:uales":èn..:t: initiatc:~ the: abnormal grain gro\\1h. In order to

understand thè intlucn..:e uf grain ~llalc:s'.:n..:c: in thc present study. cluster analysis is made

using the infonnation a~'ut tcxturè ln accordancc: with the measured ODFs. byassuming

an equiaxed grain stru..:turc and a r•.mJum ":llrrdation between each grain in the matrix.

orientation of each gr.lIn ln a ":llmputc:r specimen can be assigned using an aIgorithm

developed by Morawic..: t'I 1.1/. [11 RI. For this c1uster analysis, a computer specimen having

3D-honeycome grain structure [151 with 12 nearest neighbors is created. In this case, each
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t

lanice site of the computer specimen described in section § 2.7.3 is assumed to be a grain.
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•

These grains are then assigned grain orientation in accordance with the experimentally

observed ODF by assuming random correlation between neighboring grains [118]. Using

the computer specimen with 100674 grains~ the number of clusters with the deviations in

grain orientation of 50, 100, and 15° have been calculated and presented for Ni-45% Fe

nanocrystalline electrodeposit in the Table 5.1. These values represent the average values of

10 such computations. In the calculation (100) fiber orientation is identified as the

orientation that corresponds to $1=00-90°, <1>=00 and ~2=0° and their symmetrical

orientations. SimilarIy~ for the case of (III)-fibers, the Euler angles are ~1=00-90°.

<1>=54.7° and $2=45°. This analysis is expected to yield the difference between the number

of clusters of (100) and (l11)-fibers under the assumption of random correlation of grain

orientation among the neighboring grains.

Table 5.1. Computed number of clusters with angular deviation of 0°_5°, 0°_10° and
0°-15° and \'arious cluster sizes for Ni-45°1'o Fe. Average number of
clusters computed from 10 different computer specimens is presented here.
Each computer specimen has a total of 100674 grains.

Number of clusters
Cluster size !--------------r---------------lJ
(in number Fiber-(100) Fiber-(111)
of grains) angular devlatlon from fiber angular deviation from fiber

onentation orientation

<5 deg <10 deg <15 deg <5 deg <10 deg <15 deg

2
3
4

27.9
0.2
0.0

26_6~~ _ .--=-56-=--1__.8=-J-__1:...=.0.::....:.0-+-~__134.9 369.1
3.6 3.4 0.1: 2.1 36
0.0 0.1 0.0\ 6o~ -- 0.0

•

Number of
Single grams

Total number
of fiber grains

4073.2

4129.6

14456.7

15000.1

28151.7 2391.t

29285.9 2411.5

8832.9 18388.8

9109.0 19138.4
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1

•

•

As these values are calcuIated based on the ODF of as-electrodeposited specimen~ the

clusters of (l00) fiber are comparatively larger than the clusters of (I Il )-fiber. Similar

results are obtained for Ni-25% Fe and for Ni nanocrystalline electrodeposits; however

these results are not discussed here. In principle.. the results obtained by this cluster analysis

. would favor the growth of (lOO)-fiber over the (111 )-fiber and is in contradiction with the

experimental obsèrvation that demonstrates that (l11)-fiber grows more rapidly' during

annealing. Even if the coalescence does promote the fonnation of nucleus of (111 )-fiber·

grains in the matrix~ the abnonnal gro\Vth can he achieved only by applying special

mobility criteria and assuming tâvorable mobile boundary fractions depending on the grain

misorientation distribution function. The calculation of misorientation distribution function

is presented in the following section § 5.2.2.

5.3.2. Grain misorientation distribution ana/ysïs

Measuring grain boundary misorientation distribution in nanocrystalline material is

practically not possible at present. However, by using the aIgorithm developed by

Mora\viec et al. [118]. one can compute the grain misorientation distribution function

(GMDF) between the selected grain orientation and other grain orientations in the matrix.

This calculation is carried out by tinding out the misorientation between the selected grain

orientation and a randomly created orientation of grain that is selected in accordance with

the measured üDF. This procedure is repeated lOs times in order to minimize the

statistical error. Tht: grain misorientation distribution function (GMDF) of a fiber

orientation is computcd by repeating the same procedure for each orientation in the fiber

component and by a\'eraging the obtained results. The GMDF of the average texture

component is computed by calculating the misorientation between a pair of grain

orientations gcncratcd in accordancc with the üDF. The Fig. 5.3 shows the grain

misorientation distrihution function (GMDF) for Ni-45% Fe, Ni-20% Fe and pure Ni

nanocrystalline electrodcposits. The grain boundary fraction values in these graphs are

sho\\TI as curves instcad of histograms. merely to follow the peak values clearly and to

avoid confusion while comparing the fractions. In aIl these plots, it is clearly indicated that

the grains representing (Ill )-tibers have a characteristic distribution in which the
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percentage of grain boundaries with misorientation of 45°-63° is higher than for the (100)

fiber texture and the average texture component. As it is now known, the grain growth and

texture development is the result of the anisotropie grain boundary mobility and causes the

abnormal grain gro\\lth and texture ehange in the matrix. It becomes important to analyze in

detail the differences in the GMDF of (Ill) and (IOO)-fiber components. For that purpose,

the results of the grain misorientation analysis for all .the three nanocrYstalline

electrodeposits are given in Table 5.2. In conventional polycrystalline materials, 15°-45°

misorientation represents the highest energy and the most random grain boundary region. In

arder to distinguish the random boundaries from other boundaries, hereafter the middle

misoriented boundaries will be called MM-type boundaries and others i.e.. low « 15°) and

high misoriented (> 45°) boundaries will be called LH-type boundaries. Such classification

may be considered rather unusual at first. but it reflects differences in grain boundary

energy and it is necessary to explain the differences in mobility of grain boundaries in

nanocrystalline materials. In each d~ctrodeposit. as shown in the Table 5.2. it is evident

that the ( III )-fiber component has nearly 15-20°;/0 more of the LH-type boundaries than the

( 100)-fiber componenls. The fractions of LH-type boundaries in the average texture

component have intemlediate \·alu~s between (Ill )-fiber and (1 OO)-fiber components.

Among the three alloys Ni-45% Fe and Ni-20% Fe have values 0.57 and 0.586 respectively

which are higher than in the pure ~i \\hich has LH-type fraction of 0.535. As the nucleus

for the abnormally grllwing gram Cllmes trom the similarly oriented grains in the matrix

prior to the anncaling. il is imponant to study the difference in the intensities of the fiber

orientation in the dc:ctrudcpositcd matrices. The Table 5.2 gives the OOF intensity for both

(100) and (Ill) li~rs as obscn cd in electrodeposited Ni and Ni-Fe alloys prior to the

annealing tn:atmc:nt ln hc:re. ~i-~5° 0 Fe: and pure Ni have intensities of 2.5 and 2.8

respectivd~ for ( 111 .-liber compt'ncnt. wherc:as. ;\i-200/o Fe has an intensity of 1.6. The

intensity of ( 100 )-fihcr componcnt in ~i-~5° 0 Fe is the lowest among the nanocrystalline

electrodeposits anal~~c:J in this stud~. The :\i-20~/o Fe and pure Ni electrodeposits have the

intensity of 5.71 and ~ li rCSp~Cll\d~. From this analysis it is clear that the fraction of LH

type boundaries is mu~h highcr than the t\.-ltvt-type boundaries in aIl these alloys around

(111 )-fiber componenb.
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Fig.5.3

Annealing ofnanocrysralline Ni and Ni-Fe elecrrodeposits

Misorientation distribution calculated based on the as-electrodeposited
nanocry'stalline Ni, ~i-20%Fe and Ni-45%Fe texturai information. (Here
curves are drawn onl~' as a visual aid to follow the data points
unambiguously)
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Table 5.2. Comparison of fiber intensity and fraction of grain boundaries in Ni, Ni
200AJFe and Ni-45°A.Fe nanocrystaUine electrodeposits

1 1 1

: Ni-45D,'aFe 1 Ni-20°1caFe 1 Ni1 1
1 1 1
1 1 1

OOF Intensity of the fiber components
(100)-fiber 1 3.5901 5.710: 4.8801

(111 )-fiber 1 2.510: 1.630: 2.8801

~-:

Ratio (111)/(100) 1 0.699: 0.285: 0.5901

Fraction of LH-type grain boundaries
(100)-fiber ! 0.413: 0.382: 0.379
(111 )-fiber 1 0.57! 0.586: 0.535·
Fraction of MM-type grain boundaries

.. -
1 0.588! 0.619: 0.62(100)-fiber ·--_.- 1- r

0.43: 0.413: 0.466(111 )-fiber ··- ~_.

~

1 1·· 1 :· 1

• MM·lype is 15°.45° mison~nted boundilTu:s and LH-type is ramaining low and high misoriented boundaries

There is no evidence that the CSL boundaries in nanocrystalline materiaIs exit. However in

con\'entional polycrystallin~ materials. thc:re has been a belief among the researchers

[64.66.68.1'+5] that certain "speciar' bl)undaries namely coincidence site lattice (CSL)

boundaries might play a signiticant rok in grain gro'N1h in metallic materials. Thus. the

grain misorientation analysis is incomplt:te without a discussion on CSL boundary

distribution and its possihlt: eft,:ct on grain gro\\1h in the Ni and Ni-Fe nanocrystalline

electrodeposits. By using the samc: algorithm de\"e1oped by Morawiec el al. [1 18]. the CSL

boundary distribution is compuh:J and presented in Fig. 5.4, in the form of histograrns.

The CSL bounJa~ i~ Jdincd b~ c:onlparing the quaternion of the grain misorientation with

that ofCSL using the Br.mdon cnterton [47J. which allows 15/r ll1 degree of de\'iation From

the ideal position. Th&: pc:rc~ntage fractions of CSL boundaries are given for (III). (lOO)

fibers and the: a\ cragc texture: c.:llm~mcnt tllr indi\'idual categories from LI to 2: 19b and

then for categoric~ of ~~ 1':~<). ~~ 1·,9 and ~..J 1-49. IIcre also, 105 boundaries \Vere analyzed

in arder 10 miniml/c the ~tatistl~al crrllr. :\~ lJr as the CSL distributions are concemed.

only about 18 to : ~ll'l \11' tht: ~'undarics are special boundaries in aIl the three

electrodeposits. In ail hl~tllgranb (Fig. 5A). it can be seen that LI and r3 have the highest

frequency for (100 )-libcr and (1 Il )·fïber respectively. Except LI and L3. ail other L
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boundaries have a percentage fraction which is less than 2%. In the majority of the cases %

fraction is often <1%. The boundaries above LIl in all the nanocrystalline electrodeposits

have frequency <1% and these are approximately the same for (lOO) and (111 )-fiber and

the average texture component in Ni~ Ni-20% Fe and Ni- 45% Fe nanocrystalline

electrodeposits. According to our previous research [182~183], the fraction ofhigh mobility

boundaries should be higher than 30% for an orientation that can grow abnormally. Even

the assumption that aIl the CSL boundaries have high mobility cannat be responsible for

the abnormal growth of (111 )-fiber for two reasons. The first reason is that the overall

difference in percentage fraction of CSL boundaries around the (100) and (111 )-fiber grains

is tao small (only 3%
). The second reason is that the overall percentages of CSL boundaries

for (111 )-fiber in aIl these cases are too small (not more than 20%). It is important to note

that under the non-equilibrium conditions CSL boundaries may not possess the same

characteristics as in the case of conn~ntional polycrystalline materials. By considering ail

these points. it can be concluded that the raie that would be expected by the CSL

boundaries to play In the abnormal gro\\th of (Ill )-fiber texture component is

insignificant.

•

•
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•

ContraI")' to the CSL boundary distributions. the distribution of general boundaries around

bath texture fibers is ditferent. The percentage of LH-type boundaries around the (111)

fiber is approximatcly 15-201% highcr around the (1 OO)-fiber in aIl the electrodeposits

considered in the present study. The total fraction of LH-type boundary around (111 )-fiber

is about 53-5')° 0, Ila\ ing analyzed the GMOFs of (Ill) and (1 OO)-fiber. energy and

mobility associatcd \\ ith rcle\"ant groups of grain boundaries have ta be analyzed to

understand the rncchanism of grain gro\\1h and texture development.

5.3.3. Grain bOl/lltlar)' ~nergJ' alld I1lllbi!ity in IlQllocrystalline iVi alld Ni-Fe

According to Wolf and his co-resc:archers [195.196]~ grain boundary in nanocrystalline

materials is amorphous (non-equilihrium state) and the energy of grain boundaries changes

very littie. Such a statement may be controversial and sorne researchers May not
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• Fig.5.4 CSL distribution calculated based on the as-electrodeposited
nanocrystalline Ni, Ni-20 % Fe and Ni-45%Fe texturai information.
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t agree with it. However, the model presented in this is based on the assumption that in

nanocrystalline materials the relative boundary energy (Enano) does not change much with

grain misorientation. We argue that energy is stored in short segments of grain boundaries

and in a dense network of the grain boundary junctions that cannot relax irrespective of

grain misorientation. Therefore, Enano can be assumed constant for ail misorientation angles.

On the contrary't "the conventional polycrystalline material has definite different grain

boundary energy, Em1cro for various grain misorientation angles. During annealing't the

nanocrystalline material transforms to a more stable microcrystalline structure. The

difference between the nanocrystalline and microcrystalline grain boundary energies can be

assumed to be a measure of the deviation of a non-equilibrium grain boundary state from ilS

equilibrium state as beIow:

Hereafter. ôEde\ will be referred to as "grain boundary energy deviation parameter~'t. From

the early research by Valiev el al. [200.201] non-equilibrium grain boundary structure. as

observed in deformed metais. results in high mobility. By assuming a model based on this

finding we concluded that the LH-type boundaries in nanocrystalline materials would have

experienced higher mobility than the MM-type boundaries. The grain surrounded by this

type of boundaries will start growing first because they are more deviated from the

equilibrium state. During this proccss the length of the grain boundary segments will

increase and thereforc. energy of the grain boundaries williower and will approach that of

the equilibrium state. This condition is expected to favor the growth of (111 )-fiber in the

Ni-45% Fe. Ni-:!Oo/o Fe and pure Ni dectrodeposits because the probability of encountering

the grains that fonn LH-type misorientation is higher for ( III )-fiber orientation than for the

other orientations.

•
6 E det" = E nano - E mICro (5.1 )

•
Ta ha\"e a quantitativc dcscription of mobility parameter. one has to know the deviation of

nanocrystalline grain boundary energy from the corresponding conventionaI polycrystalline

grain boundary energy. The equilibrium grain boundary energy i.e., conventional
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microcrystalline grain boundary energy can be obtained from experimental or computed

data. Though there are sorne experimental works on conventionaI microcrystalline or

bicrystalline grain boundary energy~ and data is available for sorne common engineering

metals such as Fe-Si [52] and Al [140], there is, to our knowledge, no satisfactory

experimental work on grain boundary energy on Ni or Ni-Fe alloys. There are few

computational works on~n boundary energy of fcc metals by Wolfet al. [202-204]. The

Leonard-Jones potentiaI [205] used for molecular dynamics calculations for Fe, Cu and Ni

are similar. Thus. the shape of the tilt grain boundary energy plot as a function of tilt angle

for various tilt boundaries would be more or less the same for Cu and Ni and Ni-Fe alloys

because they aIl have fcc crystal structure. Under this assumption. the "relative~' boundary

energy calculated from the molecular dynamics computations by Wolf et al. [202] for tilt

boundaries of copper is assumed for Ni and fcc Ni-Fe alloys. The Figs. 5 (a) .. (b), (c) and

(d) give the relative energies of <001>. <011>.. <Ill> and <112> tilt boundaries

respectively. The Fig. 5.5 (e) gives th~ curve of average relative boundary energy drawn for

various misorientation angles through the points collected from aIl the tilt boundary energy

curves. The Fig. 5.5 (e) has been partitioned into three regions based on grain boundary

misorientation and these r~gions arc for th~ angles <15°. 15°-45° and >45 0 respectively. In

the first region. for rnisorientation angle 8< 15 0
• the obtained conventional grain boundary

energy dala is tiued \\ith a Read-Schockl~y [44] equation and for the other two regions is

fined with straight lines lor sirnpliçit~. This kind of simplified grain boundary energy as a

function of grain miSllricntation is .iustilied because the energy values that correspond to the

CSL boundarics arc nul \ e~ diffèrent from the oth~rs. except LI and r3. This is taken care

of in the simplified grain houndar: encrgy function presented in Fig. 5.5 (e). One should

also note that this grain boundar: cnergy function wouId simplify the already complex

computer program and rcduce the Ume of calculation.

Ha\"ing assumed the: c~UlIibrium rdati\ c grain boundary energy Emlcro (8)~ we may assume

that a non-equilibrium rdati\"c cncrg~ Enanu (0) is 1. The parameter, which measures the

deviation of nanoc~·stallmc grain btlundary from the equilibrium state~ ~Edev is shawn in

Fig. 5.6. The grain houndarics ha\"ing nlisorientation less than 5° are not considered in this
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caIculation. They have less than 1% probability of being present in aIl cases investigated

and in addition the value of energy these boundaries would have in nanocrystalline

materials is hard to estimate. From the Fig. 5.6. it is evident that the deviation of MM-type

boundaries in nanocrystalline materials from equilibrium structure observed in

conventional polycrystalline materials is much lower than the LH-type boundaries. Thus,

the LH-type boundaries have higher mobility than MM-type boundaries because the

deviations from equilibrium structure is higher for LH-type boundaries than MM-type

boundaries.

0.8
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CD 0.6'-
Q)
c
Q)

/Q) 0.4>; 1

Il
ra

-~/
Qi
n: 0.2

0

0 10 20 30 40 50 60
Misorientation angle (degree)

Fig.5.6 Grain houndary ener~y dC"iation parameter as a function of
misorienlation from assumed nanocrystalline and theoretical
microcl1 !\tallinc 2rdin houndary energies

Ha\·ing anal~ Lr:J the Imponancr: llf Lli-type houndaries in controlling grain growth in

nanocrystalline mah:n.lI~. thr: gram mlsuric:ntatilln in dectroplated nanocrystalline materials

will be analyzed anJ rrllbabilit~ l,f tinoing a LB-type boundary around various crystal

orientations will be cakulatr:d. Thr: Figs. 7 (al. (h) and (c) show the plot of probability of

finding LH-type bounJ.lnr:s ttlr purr: ~i. ~i-20olO Fe and Ni-45% Fe nanocrystalline

electrodeposits. Thes~ tigur~s sh,,\\ thr: contours of the iso-probability in the Euler angle

space. Only the ~~ =- 45: ~~c.:tillD art: presented. It is evident thaL the ( Il 1)-fiber has the
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•

•

highest probability of 54 to 58 % ofLH-type boundaries, higher than any other orientation.

Another interesting observation is that the (lOO)-fiber component has the lowest

probability, which ranges from 37 to 43 %. That means that the (111 )-fiber texture is well

positioned to grow during the annealing process.

5.4. MODEL FOR ANNEALING OF Ni AND Ni-Fe ELECTRODEPOSITS

For a polycrystalline material to experience abnonnal grain grov/th~ normal grain growth

has to be hindered by pinning forces such as precipitates. solute~ etc. In the classical case of

Fe-Si steels. abnormal grain gro\\th is favored only when the nonnally growing grains are

pinned by precipitates during primaI}' recrystallization at around soooe [1 ~ 179]. When the

pinned grains in the matrix of Fe-Si are further annealed at high temperature around

IOOO°C [179]. the selective unpinning of certain grain boundaries take place, thereby

acti\'ating a particular orientation to grow faster than the others [152,206]. As a result.

completely new texture and grain structure is formed.

ln the case of fully dense Ni. Ni-Fe alloy e1ectrodeposits at the ambient temperatllre, even

though the matrix has sutlicient dri\-ing lorce for grain growth~ due to the pinning forces

grain gro\\1h is not llbscr\"ed. The pinning force could be offered by triple junction.

vertices. excess \"acanci~s. impllril~ atoms [103]. and metastability of microstructural

features sllch as grain boundaries. At 673 K. sorne grains start growing abnormally and the

gro\\1h of (111 t-tiber texture is strongly fa\'ored because the grain bOllndaries that sllrrollnd

this fiber component ar~ highly de\ iatcd from thcir equilibrium state.

5.4./. .4fec/lanirm fi,r abnornra/ Kra;,r grolt.'tlt in nanocrystalline Ni and Ni-Fe

electrodeposit\

Bascd on the analysis maJe in the prc\ ious sections. a simple model for the abnormaI grain

gro\\1h and (1 Il )-fibcr texture dc\'dopment in studied nanocrystalline materials can be

formulated. Here. it cao b~ assurncd that aIl the grain boundaries at the beginning of the
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Fig.5.7 Probability of boundaries of LH-type around grains of various
orientations for (a) Ni, (b) Ni-20 % Fe and (c) Ni·45°A. Fe nanocrystalline
electrodeposits. The probability is presented for ~2=45° section
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•

annealing process are pinned by point defects such as impurity atoms and inherent

resistance offered by structural factors such as triple junctions and vertices. It is assumed

that the rate of unpinning of the grain boundaries is decided by the amount of deviation of

the nanocrystalline grain boundaries from their equilibrium microcrystalline counterparts.

This assumption èan be supported by the argument that high deviation of grain boundary

energy in nanocrystalline materials from the corresponding microcrystalline structure·

would result in high driving force sufficient to overcome the pinning forces at the early

stage of annealing. As these boundaries are expected aIso to have high mobility because of

their deviation from equilibrium structure, they are expected to move faster at the early

stages of annealing. Taking these assumptions into account, it is possible to conclude that

the boundary having a higher grain boundary deviation parameter i.e.~ .1Edev than a certain

critical value ÂEc, can move. Let the probability of finding a grain boundary around a grain

of arbitral}· orientation S. that has a value of ÂEdev higher than ÂEc, be denoted as

P(S.ÂEde\·>ÂEc). This probability value represents the existence of mobile boundaries

around the orientation S. By comparing such probability of orientation S and the average

orientation. a measure of growth advantage. .1P(S) of orientation S can be detined as

below:

M(S) = PtS, ~dt', > Mc) - P(average~ M J(!\. > Mc) (5.2)

•

At the early stages of annc:aling. when the value of ÂEc is high. only a very small number of

boundaries have high mobility. As the annealing progresses further~ ÂEç is decreased. The

decrease in the value ôE, marks the release of more and more boundaries that have been

pinned earlier. Physically this can be attributed to the step-by-step restructuring of grain

boundaries towards thcir microcrystalline equilibrium state as the grains grow.

Theoretically. this trend should continue till the grain boundaries reach their equilibrium

states. The grain boundary equilibrium structure is attained when the grain structure

becomes microcrystalline.
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In conclusion, the proposed model is based on the deviation of energy of nanocrystalline

grain boundaries from their microcrystalline counterparts and it takes into account the

controlled unpinning of these boundaries during annealing. The proposed assumption

cannot be fully justified by experiments~ because such experiments cannot be done at

present However, the model based on these assumption explains abnormal grain growth

and the competition between (l11)-fiber and (100)-fiber textUre observed in Ni, Ni-20 Fe

and Ni-45% Fe nanocrystalline electrodeposits. This model is tested using the Monte-Carlo

simulation procedure. The following sections are devoted to the description of the Monte

Carlo procedures employed and to report the results obtained from the simulation.

s.s. MONTE-CARLO METHOD FOR ANNEALING OF NANOCRYSTALLINE

Ni AND Ni-Fe ELECTRODEPOSITS

The framework of the ~·1onte-Carlo simulation model used in this work has been described

in the research work of Hinz and Szpunar (15]. The 3-dimensional computer specimen

consists of nearly half a million sitt:s with a 3-D honeycomb lattice structure (15]. The

adjacent lattice sites are grouped ioto 1500 Voronoi grains with an orientation, which is

assigned. according to the orientation distribution function (ODF) using the algorithm

developed by Morawiec et al {1181. This algorithm assumes a random spatial correlation

between the grains in the matrix. This sinlulation work has only one important parameter..

namely the mohilit~ uf grain hnundaries that is related to grain misorientation. As the

nanocrystallinc matcrial is assumcd to ha\"~ isotropie grain boundary energy because of its

disorder~d nature (19;-196 J. the rdati,·c grain boundary energy in this simulation is

assumed to he: 1 fur ail the bounJaric:s. B~c:J on the previous analysis of CSL boundaries

in these mat~rials. no spc:ciaI irnponancc is attached to CSL boundaries. The mobility of the

boundary is assurncJ tu depend un th~ energy deviation parameter (.1EdevJ in the following

way:

1
Mobility = 1. whcn .U:,k\ > .JE.

Mobility =0.. whcn olEJe-\ < J1Ec (5.3)
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The conditions above imply that only those boundaries having energy deviation parameter

higher than the criticaI vaIue Mc can move and ail other boundaries are assumed ta have

zero mobility. The critical energy deviation parameter (LJEd decreases as the simulation

progresses according to the following equation.

(5.4)

1

Here. L1Emax is the highest energy deviation parameter at the start of the simulation. A,leS is

the number of Monte-Carlo steps [15] and a is a coefficient that describes the rate of

decrease of energy deviation parameter during the annealing process of the computer

specimen. The equation (5.3) is similar ta the one used for the Monte-Carlo simulation of

abnormal gro\\lh of Goss grains in microcrystalline high-permeability steel by Hayakawa

and Szpunar [153]. In their research. the equation relates the grain boundary energy to the

time of annealing expressed as the number of lv/CS. However, in the present work. the

&de\' parameter describes the deviation of a particular grain boundary in nanocrystalline

material from the equilibrium state and is empIoyed to estimate the mobility of the

boundary.

Physically. this assumption can be interpreted as follows: the energy deviation parameter

given in equation (5.1) qualitatively accounts for the amount of deviation of a particular

grain boundary in nanocrystalline metastable state from the microcrystalline more stable

stalc. Th~ hight:r tht: dc\"iation. the higher is the tendency for the boundary to be more

mobile. Tht:rmodynamically. the houndaries with high-energy deviation parameter would

have a high dri\'ing force to reach their equilibrium state. This can be achieved only by

grain gro\\lh. Thus. as the grains grow. the aton1S in the grain boundary region arrange

themselves towards a more stable: state. thereby reducing their mobility. This explains the

higher mobility of grain boundaries in nanocrystalline materials (even at relatively low

temperatures) than in microcrystallinc materials. Internai stability of the boundaries might

come aise from the presence of triple lines and vertices. Often. the presence of impurity

atoms might restrict [101.102 J the grain boundary migration in the nanocrystalline
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materials. The equation (5.3) and (5.4) state that at any point in rime (i.e... MeS) the

boundaries, with the energy deviation parameter value above the critical value, AEc, are

assumed to be mobile. This means that these boundaries have enough driving force (high

energy deviation parameter) to overcome the resistance offered by the impurities. other

intercrystailine defects or the combination of both. These boundaries would move while

other boundaries remain pinned in the matrix. As the anneaIing progresses. the moving

boundaries would restructure themselves step by step towards the corresponding

boundaries in microcrystalline state. This can be attributed to the increase of the length of

the grain boundary segment being considered. As the moving boundary approaches the

equilibriurn state.. the energy deviation parameter and relative mobility would be reduced.

Now. the other boundaries with lower values of energy deviation parameter would aIso

have the relative mobility as high as those boundaries that moved tirst. Thus, as the

annealing simulation proceeds. th~ boundaries with progressively lower ~Ede'" would start

ta move. It can also be argued that in general the microcrystalline boundaries are less

affected by impurities and intercrystalline dcfects. such as triple lines and vertices. than the

nanocrystalline boundaries. The crfe:et of intercrystalline defects on the movement of

boundaries in the microcrystalline: mate:rials is probably small mainly due to the

considerably small concc:ntration of such d~fc:cts. On the contrary. the small segments of

grain boundaries obst:ned in nanllcrystallinc: materials may be sensitive to the presence of

impurities and high Cllncentration of othc:r intc:rcrystalline defects. As the grains grow. the

concentration of triple junction~ and \·t:rtices decreases~ thereby allowing the baundaries

with low energ~ dc\"iation pararnetcr la mo\·e as weIl. This trend continues until the grain

boundaries r~aeh thc:ir cquili~rium sUite. The grain boundary equilibrium structure is

reached \\-hc:n the: nanllcrystallinc mah:rial is transferred into microcrystalline. Due ta a

numbcr of cllnstr.lImng tàclllr~ ,uch as computation time and memory. the computer

specimen emplo~ c.~ ln this wor~ ha., lml: 150U grains. The grain gro\\1h simulated using

this procedure is rc.~tnctcd tll the: nanl1c~stallinc rc:gion itself. Due ta the coarseness and

the usage of stalistic.Jl1~ ~mall numhcr uf grain~ to calculate necessary texture information.

the simulation results an: takc:n onl~ up ta the: stage where the total number of grains in the

computer specimen is arrroximatd~ ~50.

•

•

•
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1

The method of grain growth simulation is aIready discussed in the research work of Hinz

and Szpunar [15]. During the simulation~ sites are randomly selected from the total number

of 506514 sites and flipped to one of the few possible neighboring orientations based on

physical assumptions concerning the energy and mobility. The results are then compared

with the experirnental data and the similarities of the trends obtained are discussed.

5.4.1 Parameters usedfor tl,e simulation ofannealing ofnanocrystalline Ni and Ni-Fe

electrodeposits

The simulation of annealing is carried out for three different cases! namely for Ni~ Ni-20o/a

Fe and Ni-45~"'o Fe nanocrystalline electrodeposits. The experimentally measured

orientation distribution functions (ODFs) of as-electrodeposited materials given in Fig.

5.2(a). (b) and (c) are used for assigning the orientations of the grains in the computer

specimens.

A role ofparameters a and L1Emax gi\"en in the equation (5.4) are tirst investigated. Various

\'alues are gi\"en for a at a constant LJEma:c value and for the selected a, simulations are

carried out for various L1EmlLt \"alues. Because of high sharpness of the texture

experimentally obser\"ed in Ni-45° 0 F~ dectrodeposits during annealing (refer Fig. 5.1).

these t~sts an: carn~J out for th~ 'i-45°/o Fe. The Fig. 5.8 shows the ratio of volumes of

the larg~st to lh~ a\ c:rJg~ grain si/~ as a funclion of Monte-Carlo steps (MeS). for various Q

values for a constant \"alu~ of AEma.\ =0.35. Among the curves presented here. a = 1 has the

maximum value of volume ratio of 58 for .\les of 24000 and the grain that has the largest

\·olume has (1 Il l·tiilcr llri~ntatillO \\ ith a d~\"iation of 6.25 0
• In Fig. 5.8 and 5.9. a]ong

with the \"alues of a or .1EmlL-c for cach cun'e presented. the type of the fiber orientation and

the degree of deviation from the fibc:r orientation are presented. The method of calculation

of the degree of deviation from a liber orientation is given in the following section. By

keeping a = 1. the .t1EtrI1Il \·alues arc changed and the grain growth curves are presented in

Fig. 5.9. Among the: \ alu~s pr~sc:nted. the maximum value of the volume ratio of 120 is
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obtained in the case where L1EmtIX = 0.37 and the grain with the largest volume has a

deviation of 5.45 from (IIl)-fiber~ which is the smallest deviation among the curves

presented. The parameters are a=I and AEmax = 0.37 have been selected for the simulation

work. The same simulation parameter values are employed for the other two materials_ Ni

20% Fe and pure Ni nanocrystalline electrodeposits. It has to be noted here that according
. .

to the classical theory of grain growth by Hiilert [207], ifthis volume ratio is greater than 8,

it can then he assumed that abnormal grain growth has occurred.
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of de,·iation (in dcgree) from the (lll)-fiber texture component is
gi,"en for each cun·e.
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deviation (in degrees) from the (lll)-fiber texture component is
given for each curve.

5.6. RESliLTS OF THE MO~TE-CARLOSIMULATIONS OF ANNEALING OF

NANOCRYSTALLINE Ni AND Ni-Fe ELECTRODEPOSITES

A series of simulations were carried out using the computer specimen describing the as

electrodeposited texture of Ni. t\i-20~'oFe and Ni-45% Fe, which is depicted in Fig. 5.2.

The results obtained are presented in two sections. The tirst section focuses on the

microstructural features and the second part is devoted ta the discussion of the texture

transformation.
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5.6.1. Simulation of microstructural transformation during annealing of

nanocrystalline Ni and Ni-Fe electrodeposits

The compiled results of the simulation are shown in Fig. 5.10, where the grain volume ratio.

is represented as a function of AleS. The Fig. 5.10(a) shows that among the 5 simulations

carried out using ODF of Ni nanocrystalline electrodeposits, 2 simulations resulted in an

abnormal growth of grains with the volume ratios exceeding 125. The initial

microstructure and microtexture of the computer specimen employed for these simulations

seem to accommodate the nuclei \vith the potential for such an abnormal growth. Other

simulations show gro\\1h of grains with maximum grain volume ratio equal to 25. Then the

grains that grew start to decrease in size. This is mainly due to the competition in grO\\1h

bet\veen various other grains in the matrix. Among the abnormally growing grains, one

grain has the orientation of (111 )-tiber and the other has the orientation of (1 OO)-fiber. [n

Fig. 5.10 the degree of deviation of an abnormally growing grain from ideal fiber

orientation is presented. To calculate the degree of deviation of a grain from the (l11)

fiber. the misorientation angles ar~ compuled between the orientations of the grain and the

orientations that represent the (111 )-liber. namely. cp, = 0°-90°. <Il = 54.7° and <P2 = 45°.

Among the misorienlation angl~s calculated. the minimum angle is taken as the degree of

deviation from the ( 111 )-fiber. (irain misorientation angle. which is defined as the lowest

arnong the 24 equi\"alc:nt angles and rotation axes. is calculated by using the unit quaternion

[162]. Similarly. tht: Jt:gree of Je\·iation of a grain from the (1 OO)-fiber orientation is

computed. The: orit:nlations lhat r~prc:sent th~ (100)-fiber are $[ = 0°-90°. <1> = 0° and cp:! =

4 -0:> •

[n the case of Ni nanocrystallinc: dcctrodeposits shown in Fig. 5. 1O(a), the angle of

deviation of abnllnnall~ growing gr.Jins having a volume ratio exceeding 125 are 3.5 0 from

the {Ill )-tiber and 5 '1= from ( II J( tl-liber orientation. Among the 5 simulations. 3 of them

show the largesl grain lS dose: tl' the: (100 )-fïber while in the 2 other simulations, the (111)-
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Fig.S.10 Gro,,·th kinetiC'~ of the largest grains observed in various simulations
having initial texture of as-electrodeposited (a) Ni, (b) Ni-20% Fe and
(c) Ni-lSo~ Fe. Each curve corresponds to a type of fiber texture and
angle of de\'iation (in degrees) from that fiber orientation.
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fiber grains are the largest. In Ni-20% Fe, among the simulation results presented in Fig.

5.10 (b), two cases of abnormal gro\\'th are observed. In this case, 3 out of the 4

simulations performed show the (111 )-fiber grains as the largest grains in the

microstructure. The remaining simulation has the (1 OO)-fiber grain as its largest grain. In aIl

of the cases, the grain volume ratio is more than 25. In Ni-45% Fe case, aIl the computer

simulations result in an abnormal grO\\th of the (Ill )-fiber grain with a grain volume ratio·

equal to or greater than 125. From these results.. it is clear that in ail three cases. simulation

of abnonnal grain gro\\1h gives results that agree with the experiments [100.103].

Theoretically. in aIl the cases. both (1 11) and (1 OO)-fiber grains should grow abnormally to

eliminate the metastable nanocrystalline microstructure "vith a strong preferential gro\vth of

(111 )-fiber. As the Fe content incr~ases. the tendency for the (111 )-fiber grain to gro\\"

abnormally is higher as il can be obsen'ed from Fig. 5.10. In the pure Ni nanocrystalline

electrodeposits. the 2 out of 5 simulations show (Ill )-fiber grains as the largest grains. In

the remaining 3 simulations the gro\\lh of ( IOO)-fiber grains is observed. whereas, in Ni

20% Fe nanocrystalline declrodeposits. ( III )-fiber grains grow in 3 out of 4 simulations.

ln the Ni-45% Fe case. ail the 5 simulations produce similar grain structure. where (111)

fiber grains are the largesl.

5.6.2. Simlilated texturaI trallsfi,r"ralioll dllrillg anllea/ing of nanocrystal/ùle Ni and

IVi-Fe electrolll!posits

To obtain a c1car ricturc of the tc'\tun: transformation observed in these simulations. the

textures in the rcsuhm~ computer spc:cimen can be analyzed. The results are presented as

the plots of lih<:r intcn~ItIC~ as a functilln of ~ICS and are given in Fig. 5.1 1 (a). (b) and (c).

These fiber intcnsitic~ uf pole ligurc~ arc ~ah.:ulatcd l'rom the ODFs oblained from the

simulation. To tacilttJtc a compart~m hct\\cen the materials investigated. the experimental

resuIts are also pre~cntcJ ln Fig.=- .11 1he cxperimental observation recorded for annealing

of these specimens al tl::; K are gi\cn in Fig. 5.11 (d). (e) and (f). Each of the computer

specimens has only ISou gr.1Ïns at the bcginning of the simulation. For the texture analysis.

the simulation results are taken onl~ up to the stage. where the remaining number of grains
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Comparison of changes in simulated {(a), (b) & (c)} and experimental {(d), (e) & (f)} pole figure fiber intensities
during annealing (673 K) of Ni, Ni-20o~ Fe and Ni-45% Fe respectively.
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in the computer specimen is around 250. Thus, the grains in the model simulation are weU

within the nanometer size range and the results obtained can only be used to expIain the

initial state of the annealing process. At the end of each simulation, the remaining number

of grains is tao small to provide accurate information about texture. On the other hand,

these simulations can be used to compare general trends observed during the annealing

experiments of nanocrystalline electrodeposits. In all these plots, the maximum pole figure

intensities of the (Ill) and (100) fibers are shawn as a function of annealing time.

Observation of the simulation results shows that below 15000 MCS, no considerable

texturaI change happens. However. beyond 15000 MCS, there is considerable texture

transformation. which also coincides with the abnormal growth of the fiber grains.

Therefore. to verify the model proposed in this work. the texture transformation trend in aIl

these cases is studied by comparing the intensities beyond 15000 lv/CS. In aIl these

electrodeposits. intensity of (Ill )-fiber increases as a function of annealing time. In

nanocrystalline Ni electrodeposit case. intensity of (Ill )-fiber increases rapidly. however

the intensity of (1 OO)-tiber aise increases. In the case of Ni-20oJé Fe, (Ill )-fiber intensity

increases. whereas. the intensity of (1 OO)-fiber does not show any change as a function of

time. Contrary to this. in Ni-4S% Fe dectrodeposit. as MeS increases, (Ill )-fiber intensity

aIse increases rapidly. ho\vever the (1 OO)-fiber intensity decreases. Therefore the trend is

similar to the one obsen·ed in experiments {refer to Fig. S.11 (d), (e) and (f)}. In Fig. 1. it

is clear that for Ni-4S~·'O Fe case. the intensity of (111 )-fiber increases much more rapidly

than (1 OO)-fiber. whcn compared to other Ni-20% Fe and Ni electrodeposits. Among Ni

:;0°'0 Fe and ~i dt:ctrotlt:posits. ~i-20010 Fe shows faster gro\\lh of (l11 }-tiber than Ni

electrodeposits. As computer specimen has only fe\\" grains (IS00 in the beginning of

Nlonle-Carlo simulation and around 250 at the end). when compared ta real specimen. one

may not compare the exact intensities obtained from experiments and simulation. However.

the trend that is obsen"t:d in intensities and relative gro\\1h of (111) and (100) fiber are very

important.

•

•
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•
From the simulation results. it is cvident that general trends observed using the proposed

model agree with the experimental observation. In ail these electrodeposits. the (111 )-fiber
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•

intensity grows faster than the (1 OO)-fiber. An increase in the Fe concentration increases

the (1 1l)-fiber intensity during annealing.

5.7. SUMMARY

Grain misorientation analysis of the electrodeposited Ni, Ni-20% Fe and Ni-45% Fe

nanocrystalline matrix indicates that (111 )-fiber grains are surrounded by the highest

number of grain boundaries that are highly deviated from the corresponding

microcrystalline equilibrium structure. Assuming that ail the grain boundaries in

nanocrystalline materials have non-equilibrium structure and the grain boundary energy is

isotropie. the deviation of energy of LH-type boundaries (with misorientation <15° and

>45°) from their corresponding microcrystalline equilibrium structure is established. This

deviation is considered responsible for the migration of nanocrystalline boundaries in the

initial stage ofannealing.

Based on the analysis of texture transformation. a model is proposed to explain the

competition between (Ill )-fiber and (IOO)-fiber texture observed in Ni, Ni-20% Fe and Ni

45°!<> Fe nanocrystalline e1ectrodeposits. This model stresses the importance of the deviation

of the energy of nanocrystalline grain boundaries from their microcrystalline counterparts

and it takes into account the controlled unpinning of these boundaries during annealing.

The proposed model has been verified using the Monte-Carlo simulation and the results

obtained are in generaI agreement with the experimental observation. The model predicts

that the (1 Il )-fiber orientation should groVi. It also predicts that at higher Fe content the

(11 1)-texture is stronger than (100 )-fiher texture. The model also predicts the abnormal

grain grov.th of nanocrystalline grains during annealing.
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SUMMARY AND CONCLUSIONS

The main goal of this thesis is to de;oelop computer procedures to simulate various

annealing processes and propos~ suitable models of texture and microstructure

transformation during annealing. To achieve this goal. three different computer models

were proposed for three di\"t:rsified annealing processes, namely 1) primary

recrystallization. 2) ahnormal grain gro\\lh and 3) thermal stability of nanocrystalline

electrodeposits. A wdl-known m~tallurgical system in each category is analyzed. The

cube texture development upon annealing of heavily deformed aluminum is studied

using the computer simulation of primaI}' recrystallization. For the abnormal grain

gro\\lh. the Gos~ tt='\tun: d~\'dllpmt:nt in Fe-}O/oSi conventional electrical steel is studied

including th~ c:fft:...:t ur Ost\\JIJ ripc:ning of rvfnS precipitates on the grain boundary

migration. Finall~. thc: propll~c:J nllldd fl)r the annealing behavior of the state-of-the-art

nanocrystallinc: ~i and Ni-Fe dc:ctrodeposits is tested using the Monte-Carlo methods

and the texturc: "':llmpctltion hct\\ccn (III ) and (1OO}-tibers is explained.
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6.1. CONCLUSIONS

Summary and conclusions

The following conclusions are drawn from the work presented in this thesis.

6.1.1. Primary recrystallizatioll ofheavily deformed'aluminum

From the work on the measurement of orientation-dependent stored energy of aIuminum

the following conclusions are drawn.

• The stored energy distribution function for the 88% cold rolled and stress relieved

(at 200°C for 15 minutes) can body aluminurn specimen can be calculated from the

measured X-ray line broadening data.

• The stored energy in orientations with less than the random intensity is not

presented due to high error in the stored energy. Reliable stored energy values can

however be obtained for aIl other abundantly represented orientations.

• The ston~d energ~ along the 0-liber is about 40 - 77% less than the stored energy of

cube texture component aner cold roHing. Upon stress relieving at 200°C for 15

minutes the cuhe texture rdenses about - 7.2 J/g-atom ofstored energy, whereas the

reduction in stored energy on C. S & B orientations is between 2 and 3.1 J/g-atom.

Goss texture Cl1mptlnenl :0 11 :< 100> has the lowest stored energy before and after

the stress rdic\'ing process.

• The spread in the stored encrgy values for the rolling texture components seems to

he much highcr than for the cube component. In the cold rolled state the scaner in

the stored enc:rg~ for the: cube: llrientation (UP to a deviation of 13 degrees from the

ideal cube orie:ntalion) is ltlUnd to be between 5 and 15 J/g-atom. For the stress

relieved state. the: spread is bètween 2.5 and 7.5 J/g-atom.
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•

•

From the work on the Monte-Carlo simulation of recrystallization of aluminum the

following conclusions are drawn

• According to the texture analysis. in heavily cold rolled aluminum, the nucleation

of a cube orientation takes place randomly throughout the specimen, whereas.. the

nucleation of rolling texture components is not random. The "nuclei with orientation

C. B and S-components nucleate mainIy in the defonned grains of respective coId

rolled texture components.

• NucIeation of cube orientation is favored by the condition that 1.5 < Scr/Ser-sr < 2.5.

Here. Scr is the stored en~rgy afier cold roUing and Ser-sr is the stored energy

difference bet\\"ecn cold roIlcd and stress relieved states. In this region.. the

abnormaI gro\\th of subgrain of cube orientation might take place and a successful

nucleus is formed.

• Assigning a high mllbility tu grain boundaries \\'ith misorientation between 35° and

55° yieids a gro\\1h ad\"antagc I(lr the cube texture. With this growth condition.

cube grains gro\\ to a sizc of ... 1.5 times that of the grain size of roHing texture

components anJ ". JJ times the: Sile: of random texture components.

• The ~Iontc-("arlu mode:! that incorporates proposed nucleation and gro\\lth

conditions. simulates an cx,dlcnt sde:ction of cube orientation and also reductian in

the strcngth uf rl,llmg tc:xtun: ~l'mpllDe:nls.

• The: simulah:J rc~~ stallt.lcJ nlll.:rostrw:turcs show elangated grains \,,"hen the

migration of gr..un houndarlf:~ ~t\\ccn the impinged recrystallized grains is not

alla\\·ed. Ho\\ C\ Cf. \\ hen Ihl~ grain boundary migration is allowcd ta maye. the

simulated recr)"stalh/cd microstructures show equiaxed grains.
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6.1.2. Abnormalgrain growtll in Fe-3%Si steel

Summary and conclusions

•

From the analysis on fraction of high mobility grain boundaries, the following

conclusions are drawn:

• There is -40% difference in the fraction of mobile boundaries that surrounds the

Goss and main texture components in Fe-Si steels. This is an important factor.

which promotes the abnormal grain gro\\th of Goss grains. The boundaries with

20°-45° misorientation haye high mobility. This assumption simulates the grain

boundary character distribution (GBCD) around the abnormally growing Goss

grains as observed in experiments.

• Computer experiments demonstrate that the fractions of r3-L29 eSL boundaries

that surround the Goss and the main texture component correspondingly is 20 and

19%. Such di fference betwecn those orientations is too small to explain the

abnormal gro\\1h of Goss grains by assuming high mobility to eSL boundaries.

• The mobile boundary fractiuns. namdy matrix fraction (MF) and peripheral fraction

(PF). an: introduccd. Abnormal grain growth of a particular orientation can he

CXPCCh:J onl~ \\ hen the \ fF \alue for that orientation in the primary recrystallized

matrix is high. In addition il should be higher than that of the other orientationso

• During abnormaI g.rain gru\\lh. the: \Oalue of peripheral fraction (PF) decreases up to

a certain point and then il reachc:s a steady state value.

175



From the Monte-Carlo simulation of abnormal grain growth of Fe-3% Si conventional

electrical steet the fol1owing conclusions can be derived.•
Chapter6 Summary and conclusions

•

•

• Assumption of high mobility to grain boundaries with misorientation 20°-45° in

Monte-Carlo simulation offers excellent selection of Goss orientation during

annealing. However abnormal growth of Goss orientation is realized only when the

effect of particle pinning on grain boundary mobility is considered.

• It is sho\\-TI that the grain size advantage alone cannot be responsible for the groVlth

of Gass grains in the primary recrystallized microstructure. However~ abnormally

growing grains have low ratio between the total energy of grain boundaries that

surround a grain to its grain volume and high nurnber of nearest neighbors.

• The abnorrnal gro\\1h of Goss grains is realized by incorporating the selective

particle pinning in the ~1onte-Carlo simulation. Tt is pointed out that the precipitate

particles gro\v t'aster at grain boundaries \Vith high energy (e.g.~ 1.2 in relative scale)

and thus these boundaries are less strongly pinned than low energy boundaries (e.g..

1.1 and 1 in relative scale). This phenomenon facilitates the abnorrnal gro\Vth of

Goss grains. as these grains are surrounded by a high number of high-energy

boundaries.

• Finally. the decrease in the value of peripheral fraction of mobile boundaries around

the growing Goss grain is also simulated by the Monte-Carlo procedure. The steady

state PF ,oalue corresponds to the steady state gro\\lth rate of the abnormally

growing Goss grains obsern:d in t:xperiments.
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Chapter6 Summary and conclusions

6.1.3 Annealing ofnanocrystalline Ni and Ni-Fe electrodeposits

The following conclusions are derived from the model proposed to expIain the texture

transformation in Ni, Ni-20% Fe and Ni-45% Fe nanocrystalline electrodeposits during

annealing.

• The analysis of texture of nanocrystalline Ni, Ni-20% Fe and Ni-45% Fe

electrodeposits reveals that the (Ill )-fiber grains are surrounded by a high number

of grain boundaries having structures that are highly deviated from the

corresponding equilibrium (annealed microcrystalline) grain boundary structures.

The proposed model assumes that the grain boundaries with such structure have

high mobility. Under the assumption that aIl the grain boundaries in nanocrystalline

materials have non-equilibrium structures. the difference in energy between the

nanocrystalline grain boundaries and the corresponding microcrystalline

equilibrium structure was calculated. This difference is high for the grain

boundaries with a misorientation less than 15° and greater than 45°. therefore these

nanocrystalline boundaries should have high mobility. This is the fundamental

assumption in the proposed model of texture transformation.

• The cluster analysis does not favor the growth of (Ill )-fiber texture by grain

coalescence mcchanism. Ho\\cver. experimental observation demonstrated that as

annealing procccds. intensity of (111 )-tiber increases, whereas intensity of (100)

liber dt:creascs.

• Analysis of possible role of CSL boundaries in the annealing process was also ruled

out becausc fractions of CSL boundarics around the (Ill) and (100) fibers are

around 200;ô. which is tao small a percentage to support the abnormal grain growth

observed in thesc materials. Also the difference between CSL fractions for (1 11)

and (100)-fibers is tao small to explain the domination of (Ill )-fibers observed in

the annealing proccss.
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Chapter6 Summary and conclusions

•

• The Monte-Carlo simulations using the proposed model predict a higher rate of

growth of (Ill )-fiber orientation than any other orientation in the nanocrystaIline

matrix. This result agrees with x-ray diffraction measurements of texture

transformation.

• The proposed model aIse predicts that as the Fe content increases, the growth of the

(Ill )-fiber is [aster than (100)-fiber.

• The model predicts an abnormaI grain growth during annealing as observed

experimentally.
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•
Chapter6

6.2. STATEMENT OF ORIGINALITY

Summary and conclusions

•

•

The following aspects of the present work constitute original contributions in the field of

annealing textures.

• The measurement and analysis of oiientation-dependent stored energy for heavily

cold rolled can-body aluminum alloy.

• Development of Monte-Carlo model of recrystallization that incorporates stored

energy in deformed grains~ restricted nucleation and selective growth. This model

predicts the cube texture development during recrystallization of heavily coId rolled

aluminum.

• The effect of \'arious fractions of mobile boundaries in abnormal grain growth was

c\'aluated by conlputer experiments.

• Development of Monte-Carlo procedure that incorporates the effect of grain

boundary pinning of growing MnS particles ta explain the abnormal grain gro\\t1h

ofGoss grain.

• De\'elopment of the Monte-Carlo mode! for texture transformation during annealing

of Ni. Ni-20~'o Fe and Ni-45~o Fe nanocrystaIline electrodeposits.
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Chapter6

6.3. RECOMMENDATION FOR FUTURE WORK

Summary and conclusions

•

•

For the recrystallization of aluminum

• Ta understand the importance of selection ofnucleation sites., a better description of

defonned microstructure in the computer is required. Towards achieving this~ as a

firs! step., a fully quantitative characterization of deformed microstructure is

necessary. Therefore. careful electron microscopie study is needed for a more

detailed description of detormed microstructure.

• Similar to the study described by JuuIlensen [8]~ orientation relations between the

nuclei and the detormed matrices have ta be analyzed in different materials for

different deformation conditions in order to consolidate the findings and to achieve

a more unified modei that couid explain the recrystallization in different materials.

For the abnormal grain gro\\1h of Fe-Si steeIs

• Electron microscopie technique shouid be used for characterization of the type of

grain boundaries. size distribution and the coarsening rate of precipitates at various

types of grain houndaric:s. This n:search has to be carried out to improve the

understanding of g.rain bounda~ pinning by precipitates.

• The descriptillO llf the: mic.:ro~tructun: in the computer specimen can be improved in

order to ac.:cllmmodatc the individual precipitates in the microstructure.

Incorporating the kinetic~ uf panicle coarsening in the grain gro\\1h mode!. the

interrclateJ mcchanisms llf grain boundary migration and precipitate coarsening can

be studic:d more dircctly.

For the annealing l,r nanocrystallinc d~ctrudc:posits

• Funher examanatilln of gram hllunJa~ structure. energy. mobility and solute

interaction in n.ml~r)stallmc malcriab \\uuld provide a great deal of understanding

of their anncalm~ hcha\ iur. :\ rule of triple junction in comrolling the grain growth

180



should be established. Careful examination using high-resolution eleetron

microscopie technique should throw sorne light on this subject.•

•

•

Chapter 6 Summary and conclusions
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