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Abstract

The annealing behaviour, including studies etrystallisation kinetics and
development of crystallographic texture, of two losrbon steels after different cold
rolling reductions have been investigated usingic@ptMicroscopy (OM), Electron
Back-Scatter Diffraction (EBSD) and Transmissioredilon Microscopy (TEM).
The primary recrystallisation behaviour of 20, 30,and 90% cold rolled Interstitial
Free (IF) and High Strength Low Alloy (HSLA) steelss studied. The HSLA was
initially processed to give a volume fraction ofoab 0.2 of fine pearlite colonies,
which acted as mechanically hard particles. Theegree of such particles on the
HSLA steel significantly reduced the temperaturedss for recrystallisation by
enhancing the recrystallisation and acting as wicle sites by the Particle
Stimulated Nucleation (PSN) mechanism. The inhomegas deformation and the
local orientation changes introduced in the neigihbood of the carbide particles
(i.e. the particle deformation zone) were obserusthg TEM and selected area
electron diffraction. The JMAK model was used taalgge the recrystallisation
kinetics of the two steels. The experimental ddtdtgd according to the JMAK
model could be represented by straight lines wiiM&AK exponentn falling in the
range from 1.4 to 2.0.

The development of crystallographic textures rafteld rolling reductions and
subsequent recrystallisation has been investigatesliexture development is shown
to be largely dependent on the rolling reductionthvihcreasing rolling reduction,
the annealing texture show gradual intensificatodnu- and y-fibore components.
However, the intensity of both fibres is weakertire HSLA steel. Despite the
dominance of PSN in HSLA steel, the recrystallmatiextures were similar to that
of the rolling textures with weaker intensity ofthofibres. To help clarify the
reasons for thatn-situ EBSD experiments of recrystallising HSLA steelatafed to
50% and 70% have been carried out. It shows thatfdhmation of the nucleus
seems to occur within the deformation zones inamgjiaway from the particle
surface leading to recrystallisation textures samib that of the rolling textures (i.e.
botha- andy-fibre exist).

The validity of this assumption has been confiintiy the use of Monte Carlo
modelling. This model was used to simulate, in gaenevay, and study the
phenomenon of PSN during the recrystallisation ggec The simulation shows the
discontinuous evolution of the subgrains in the odeftion zone to form
recrystallisation nuclei around the particle. Ibals also the subsequent growth of
these nuclei to consume the matrix region arouadotrticle. The simulation results
are shown to match with the experimentally obsefeatures of the recrystallisation
phenomena in low carbon steel containing coarsesngta particles.
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Chapter 1
INTRODUCTION

Low Carbon (LC) steels are described as steatsctintain less than 0.25% C, with
one of the most important products being thin-gastge and sheet. The production
of these steels with very low carbon and nitrogemients constitutes the most recent
step in the evolution of formable, cold rolled aadnealed steels. Low carbon
content and additions of elements that have a gtadhnity for carbon, such as
niobium or titanium, have long been known to proenotcrystallisation textures
favourable for severe forming operations with ahhidegree of tolerance to

processing variables (Kraussal.1991).

One of the major industrial applications of LCesh steels has been for deep
drawing. The understanding of the recrystallisatterture is important for an
improved prediction of the resulting drawabilityoiisiderable work has been done
on the recrystallisation behaviour and texture fation during the annealing process
after cold rolling. However, few studies have death the effect of coarse particles
on the recrystallisation texture of LC steels. didifion, these previous studies were
carried out using Transmission Electron Microscdpi#M) techniques in which
detailed measurements, with sufficient data pradocfor statistical use, of the
highly misoriented regions near the particles westallowed. This study describes
this phenomenon with the aid of Electron Back-&raiiffraction (EBSD) on
Scanning Electron Microscopy (SEM) technique. Thechnique has many
advantages over TEM techniques. It offers fastéat dallection, over larger areas of

the specimen, and simpler methods of data analysis.

Generally, the idea of this study is that the $t€el has a very good drawability

when it is processed to have a recrystallisatiottute with {111} parallel to the
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sheet plane (Hutchinson and Ushiode 1984; Satt@h 1986). The formation of this

texture is strongly affected by second phase pesti®epending on their size, it is
believed that a dense dispersion of fine partidess not impair the recovery and
nucleation of recrystallised grains. However, thewgh of these grains is retarded
by the pinning force exerted by these particleshengrain boundary. On the other
hand, large particles can act as nucleation siesrdcrystallisation through the
Particle Stimulated Nucleation (PSN) mechanism (Hrays and Hatherly 2004).

One important aspect of this mechanism is thantieeation sites are well defined
regions of the microstructure. So, the recrysedligrain size may be controlled by

altering the alloy or processing.

The orientations of the recrystallisation nugedduced by PSN and the types of
the crystallographic texture formed is a major ®cof this project. The
understanding of this will allow the potential foptimizing the drawability of LC

steel sheet. Generally, four goals were identiftedhis work.

1. To study the recrystallisation behaviour of lowhar steels, undertaking
in detail the study of the effect of different paweters including

composition, reduction and temperature.

2. To provide a detailed study of the developmentcofstallographic
texture during various cold rolling reductions aedrystallisation of low

carbon steels having different microstructural deas.

3. To give a detailed investigation of the featureshef particle deformation
zone around large particles in low carbon steakiding its influence on

the rolling and recrystallisation textures.

4. To simulate the PSN mechanism, and the recrystatis process in

general, allowing a better understanding of thisn@menon.

This thesis is divided into several chaptersHapter two, a review of the literature
that is important for the understanding of the pgobbeing investigated in this study
IS given. It starts by giving an introduction toMaarbon steel; its microstructure,
classification and properties. Special attentiondrawn to the deep drawing
properties. This part also describes the processarwfealing and consequent

microstructural changes, particularly in the pregeof large particles. It gives a
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broad overview of the PSN mechanism and a sumnfahegrevious work done on
this subject. A general background of the Montel&Carodel for recrystallisation

and grain growth simulation is also given.

The third chapter details the materials examified IF and HSLA steels) in this
study as well as the experimental techniques usaavestigate the microstructures
and textures following deformation and subsequeait treatment. It also explains
the methods used for data analysis. More attentemsgiven to the EBSD technique,
specifically the procedure used for thesitu EBSD study of the annealing process.

The fourth chapter describes the observationseraad findings obtained from the
experiments during this study. It proceeds by gvidetailed microstructural
investigation, using SEM and TEM, along with thettee development of the two
low carbon steels, presented by ODFs and pole dgyuduring deformation and
subsequent annealing. In addition, the result @frttsitu EBSD experiments and the

model used to simulate the recrystallisation pre@ee also given in this chapter.

The fifth chapter is a discussion of all the tsspresented in the previous chapter,
taking into account the recent related studiess Thiapter aims to discuss all the
various effects that the different cold rolling vetions, compositions and annealing
temperatures can bring about in the annealing behand the texture evolution of

the low carbon steels investigated.

Finally, several conclusions, explicitly or imptly inferred from this study, are

summarised in the last chapter.
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Chapter 2
LITERATURE REVIEW

2.1 Low Carbon Steels: Microstructure, Classification and

Properties

2.1.1 Iron Carbon Equilibrium Phase Diagram

A study of the constitution and structure ofsi#tels and irons must first start with
the iron-carbon equilibrium phase diagram (Figudg.dt is the foundation on which
all heat treatment of steel is based and the Hasitires of this system influence

even the most complex alloy steels.
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Figure 2.1: Iron carbon phase diagram (Callister 2001).
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According to this diagram, all binary Fe-C alogontaining less than about 2.11
wt % carbon are classified as steels while all ¢ho@ntaining higher carbon content
are termed cast iron. In addition, it can be natiteat pure iron, at atmospheric
pressure, exists in more than one crystal form widipg on the temperature. Alpha
iron (ferrite) which has the Body Centred Cubi€€@® structure exists up to 12,
gamma iron (austenite) which has the Face CentrdnicQFCC) structure exists
between 912 and 13%2 and delta iron (delta ferrite) which has the B&lflicture
exists from 1392C to the melting point of pure iron, 1588 (Bhadeshia and
Honeycombe 2006).

There are three critical temperatures which arportant in the heat treatment of
steel. Firstly, the Atemperature (728) at which the eutectoid reaction occurs.
Secondly, the Atemperature which corresponds to the boundarydeivthe ferrite-
austenite and austenite fields. This occurs af®T6r pure iron and it is lowered
with the addition of carbon. Finally, the;Atemperature which corresponds to the
boundary between cementite-austenite and austdigtds. This temperature

increases as the carbon content increases.

It is important to notice the great differencecarbon solubility between gamma
and alpha iron. During slow cooling of steel coniag less than 0.8 wt% C, ferrite is
formed in the range 910-7Z3 with the rest of austenite becoming enriched in
carbon until at 72& where the remaining austenite, which containsv@8 carbon,
transforms to pearlite through the eutectoid reactPearlite is a lamellar mixture of

ferrite and iron carbide (cementite) formed viat thatectoid reaction.

In the case of high cooling rate, the formatidriesrite and pearlite is suppressed
since atomic diffusion is necessary for nucleatiad growth of these products. As a
result, austenite will decompose to non-equilibriomerostructures (i.e. Bainite and
Martensite) (Krauss 2005).

2.1.1.1Effect of Alloying Elements in Low Carbon Steels

Alloying elements are added to low carbon stéelsnodify and improve their
properties. They have a strong influence on thielest@®mperature range of the alpha
and gamma fields. Elements like Ni, Mn, C and N axp the gamma field and
encourage the formation of austenite (austenitalstars) while elements such as Si,
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Al, Cr, Nb, Ti and S contract the gamma field andairage the formation of ferrite

(ferrite stabilisers) (Bain 1939).

In addition, alloying elements can be divideditwo categories according to their
interaction of carbon; the carbide-forming elemestech as Mn, Cr, V, Nb and Ti
and the noncarbide-forming elements such as NR &nd Al (Totten 2007).

The effects of micro-alloying elements (e.g. \h &hd Ti) on low carbon steels are
of particular interest since low levels of thesecnmalloying elements yield a
significant improvement in mechanical propertiesotiyh grain refinement and

precipitation strengthening.

All of the microalloying elements (i.e. V, Nb anid) are very strong carbide
formers, and help provide grain refinement aftenamalising heat treatment.
However, other roles are more characteristic ofagemicroalloying elements. For
example, a vanadium addition is able to give pittipn strengthening in high
carbon steels, niobium has a particularly strongluémce in reducing
recrystallisation during hot rolling thus aidingagr refinement, and a small titanium
addition is very effective in refining grain sizetagh temperatures in the austenite
range (Gladman 1997). Figure 2.2 shows the effeftvarious microalloying
elements on austenitic grain growth during heatlhghows clearly that vanadium
has the highest solubility while titanium has tbevést solubility in austenite (Repas
1988). However, it should be noted that the eff@fta single alloying element is
modified by the influence of other elements and ititeraction of them must be
considered. For example, the solubility temperatfraiobium (i.e. temperature at
which Nb starts dissolution) increases from abditC in a typical niobium steel
to about 125% in a Nb-Ti steel (Fernandez al. 2003).
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Figure 2.2: Austenite grain coarsening in various microallogéztls (Repas 1988).
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The choice of microalloying element to use inekis strongly influenced by the
solubility of the microalloy carbide or nitride. &hsolubility products of the
individual carbides and nitrides are shown in FegRI3 as a function of temperature
(Gladman 1997). This figure shows that the soltibdifor carbides and nitrides in
ferrite are lower than in austenite at temperatimethe ferrite range. It shows also
that nitrides of the various microalloys are lesisilsle than their respective carbides.
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Figure 2.3: Solubility products versus temperature for varioasipounds in

austenite and ferrite (Gladman 1997).

The precipitation behaviour of microalloy carbtrides in steels, on the other
hand, has a strong influence on the choice of ralging elements and can occur
in the austenite, during thea transformation or in the ferrite, depending upoea th

composition and the thermomechanical treatmentseapip the steel.

Precipitation in austenite is a very slow procass can be accelerated by applying
hot deformation which increases the dislocationsdgnand, hence, increases the
number of nucleation sites (Hoogendorn and Spar@fi7). On the other hand,
precipitation is found to occur at the interfacews®en the growing ferrite and the
austenite matrix during they-a transformation (interphase precipitation)
(Honeycombe 1976). However, rapid cooling rates sappress this interphase
reaction. So, in reheating within the ferrite temgpere range, low carbon steels will
generally show a precipitation hardening reactioithwcarbo-nitride particles

forming either on dislocations or as matrix pretafgs (Gladman 1997).
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2.1.1.2Spheroidisation Treatment

The cementite phase present in most low carbegissis in the form of fine plates
in pearlite. However, it is possible to heat-treath steels and change the shape of
the cementite into a spherical form which givesriust ductile and softest condition
(Figure 2.4).

Figure 2.4: Schematic diagram of the process of transformergentite lamella to

spheroids during soft annealing (Thelning 1984).

Spheroidised microstructures are the most statigostructures found in steels
(Bhadeshia and Honeycombe 2006). The thermodynadnicing force for
spheroidisation is the reduction of ferrite/carbideerfacial energy associated with
spherical carbide particle formation. Sphericaltipeas have minimum surface to
volume ratios relative to other particle shapeg] #re coarser and the fewer the
particles, the lower will be the interfacial energgsociated with a spheroidised
microstructure (Krauss 2005).

The physical mechanism of spheroidisation is thasethe coagulation of cementite
particles within the ferrite matrix, for which thkffusion of carbon is decisive. The
carbon diffusion depends on temperature, time hadkind and amount of alloying
elements in the steels. The solubility of carboremite, which is very low at room
temperature, increases considerably up to theté&uoperature where the diffusion of
carbon, iron and alloying atoms is so great th& pgossible to change the structure

in the direction of minimising its energy contembf{ten 2007).

The degree of coagulation, as well as the sizeaobides, after a spheroidising
treatment is dependent on the starting structuferdeannealing (i.e. pearlitic,

bainitic or martensitic microstructures).
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Spheroidisation is more rapid than in pearliticnostructure if carbides are initially
in the form of discrete particles, as in Bainitedaespecially if the particles are
formed by tempering of martensite. Many other apphes to spherodising are used
to accelerate the process (Krauss 2005). Heatrtgetit accomplish either complete
or partial austenitisation, and then holding juskoly Ac, cooling quickly through
the Ag, or cycling above and below Aare all techniques used to reduce the time
for spheroidisation. Figure 2.5 shows possible tnmjpre-time regimes for

spheroidisation treatment.
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Figure 2.5: Temperature-time regimes at soft annealing. (ajeAting at 28C
below Ag, for unalloyed and alloyed steels with Bainatidvtartensitic starting
structures; (b) annealing at®@above Ag¢ (start) and decreasing temperature to
30°C below Ag for alloyed steels; (c) cyclic annealing°€5around Ag for
hypereutectoid steels (Spur and Stoferle 1987).

Transformation of austenite directly into a sphgised cementite + ferrite structure
rather than into the plate shaped pearlite stractsrsometimes called Divorced
Eutectoid Transformation (DET) (Taledt al. 1996; Verhoeven and Gibson 1998).
Figure 2.6 compares schematically the transformatib austenite to the lamellar
ferrite/cementite microstructure of pearlite andthe dispersed cementite/ferrite

microstructure produced by the DET.
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Reaction front

(@) (b)
Figure 2.6: Schematics of interface growth fronts associatitd the transformation

of austenite to (a) pearlite and (b) dispersed cgiteeparticles in ferrite (Verhoeven
and Gibson 1998).

2.1.2 Ferritic Microstructures

2.1.2.1Classification of Ferritic Microstructures

Ferritic microstructures that form in low carbsteels during continuous cooling or
during isothermal holding at intermediate transfation temperatures have recently
received considerable attention (Reynoddsal. 1988; Krauss 2005; Bhadeshia and
Honeycombe 2006). Figure 2.7 shows the continuoo$ing transformation (CCT)
diagram for a low carbon High Strength Low Alloy §HA) steel where
classifications of various morphologies of ferare shown.
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Figure 2.7: Continuous cooling transformation diagram for &BLIA steel
containing 0.06%C, 1.45% Mn, 1.25% Cu, 0.97% Ni206 Cr and 0.42% Mo. PF,
polygonal ferrite; WF, Widmanstatten ferrite; Aljaular ferrite; GF, granular

ferrite (Thompsoret al. 1990).
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Dubéet al. (1958) proposed a classification of the ferriterphologies which occur
as the austenite-ferrite transformation temperatitewered (Figure 2.8). At a very
low cooling rate, the grain boundary allotriomorphrystals nucleate at the austenite
grain boundaries and grow preferentially along th@&mngure 2.8a). Some of these
adjacent polygonal ferrite grains with similar origtions coalesce into one grain. As
the cooling rate increases, Widmanstétten sideeplatart to appear. These plates
advance into the interior of the austenite graamifithe vicinity of its grain boundary.
When the plates grow directly from the grain bougdéhe ferrite is called primary
Widmanstatten (Figure 2.8(b1)). However, it is edllsecondary Widmanstatten
when the plates grow from grain boundary allotriopis (Figure 2.8(b2)). In
addition, Widmanstatten “saw teeth” have a mom@ngular appearance and can also
be nucleated either directly on the grain boundargg on grain boundary
allotriomorphs (Figure 2.8c). As the cooling ragefurrther increased, intragranular
idiomorphs of equiaxed crystals, in addition taragranular Widmanstétten plates
(Figure 2.8e), could be nucleated within austegit@ns (Figure 2.8d). When the
supercooling is sufficiently large, acicular fegrivould be formed in addition to the

Widmanstatten structure (Farrar and Harrison 18&rbaroet al. 1989).

Figure 2.8: Schematic diagrams of ferrite morphologies aceaydd the Dubé
classification systems. The text describes thegarsed for each morphology. (Dubé
1948; Aaronson 1962).
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During nucleation, the allotriomorphic ferrite,hiwh is the first morphology to
appear over the whole range of composition and éeatpre (Bhadeshia and
Honeycombe 2006), exhibit a preferred orientati@atronship of the Young-
Kurdjumov-Sachs (YKS) type (Young 1926; KurdjumawlaSachs 1930) with one

of the austenite grains, which is given as:

{113 /{110, and <110>, // <111>,

When the ferrite is nucleated at the austeniggngooundary, it satisfies one of the
available 24 variants of the YKS orientation relagship with one of the adjacent
austenite grains. The other incoherenf interface with a random orientation

relationship grows faster than the boundary withYS relationship.

The formation and morphology of polygonal ferr{feF), Widmanstatten ferrite
(WF), massive ferrite (MF), and acicular ferriteR)Pare briefly described below.

2.1.2.1.1Polygonal Ferrite

This ferritic microstructure, shown in Figure 2f@rms at the highest austenite
transformation temperature and slowest coolingsrate low carbon steels. The
nucleation sites for polygonal ferrite are austegitain boundaries and they grow to
form equiaxed grains or shapes that minimise tinasel energy. Growth of PF may
be more anisotropic since growth may occur in prete directions, such as along
grain boundaries or into bands of high defect cotraéion. However, significant
reduction in growth rates may be caused by plamays of particles at interfaces of
polygonal ferrite (Aaronson and Domian 1966; Aamnst al. 2004). The size of
polygonal ferrite decreases with decreasing transition temperature and

increasing cooling rate (Llewellyn and Hudd 1998).

2007).
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2.1.2.1.2Widmanstatten Ferrite

Widmanstatten ferrite has a coarse, elongategmotwgy and occurs in the form of
side plates or laths. WF forms at faster coolintggand at temperatures just below
those at which polygonal ferrite forms. The eloegashape and surface relief
associated with WF formation are explained by thevement of semi-coherent
interfaces by small steps in the interface (ledgemanism of growth) (Aaronsaat
al. 1970; Spano®t al. 1991; Aaronson 1993) or by a displacive transfdiona
mechanism (Bhadeshia 1981). The lath ferrite, whitbws directly from the
austenite grain boundaries, is referred to as pyim&idmanstatten while the
secondary Widmanstatten nucleates on the pre-egisallotriomorphic ferrite
present in the microstructure (as discussed ini@eck.1.2.1). This ferrite
morphology is not common in relatively fine grainge. < 30um) low carbon steels.
A typical microstructure of secondary WF is shownHigure 2.10a with Figure
2.10b showing a schematic illustration of such arastructure evolution where the
growth of the plates occurs on only one side ofathginal allotriomorphic ferrite.

Original
allotriomorphic
ferrite

Widmanstatten
ferrite

Prior austenite
grain boundary

Figure 2.10:(a) Optical micrograph showing secondary Widmartestéferrite
microstructure in an Fe-C-Mn steel weld obtainegduigh continuous cooling, (b)
Schematic illustration showing possible mechanigntte formation of

Widmanstatten ferrite microstructure (Totten 2007).
2.1.2.1.3Massive Ferrite

With rapid cooling of very low carbon steels fr@an austenitic microstructure to a
ferritic microstructure, coarse ferrite grains @m@duced which are referred to as
massive ferrite (Massalski 1970; Wilson 1994). Tdwmoling rate must be high

enough to prevent the partitioning of carbon betwtbe austenite and ferrite. In this
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transformation, there is no composition changet fhe crystal structure changes

from FCC to BCC, with short-range atom transfeasraustenite/ferrite interfaces.

Massive ferrite, shown in Figure 2.11, differsrr polygonal ferrite in that the
grain boundaries are irregular and the grains séadence of a substructure. This
type of ferrite contains high dislocation densitsl it has excellent combinations of

strength and ductility in continuously cooled loarlgon steels.

e
Figure 2.11:Massive ferrite formed in ultra low carbon steeht@oining 0.003% C
and 3.00% Mn cooled at 80/s (Krauss 2005).

2.1.2.1.4Acicular Ferrite

This type of ferrite forms at high cooling rates the intermediate temperature
transformation range. It has a lath or plate stmactvith length, width and thickness
normally less than about 36, 6 and 3 um, respdgtid/u 2006). Figure 2.12a
shows the formation of AF in a weld deposit of loarbon steel, with Figure 2.12b
illustrating the three dimensional lath structuféu(et al. 2004).

Depth direction

Figure 2.12:(a) Two dimensional and (b) three dimensionalcstme of AF in a

weld metal zone of steel, showing the AF with &4gtpe structure (Wet al. 2004).
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The single plates of AF are nucleated heterogesigan non metallic inclusions
which in turn stimulates other plates by an autgtt nucleation process, thus
causing plates to radiate in different directionsnf the point of nucleation, as
illustrated in Figure 2.13 (Ricket al. 1982) . In addition, crystallographic analysis of
AF plates show that highly misoriented plates magleate on a single inclusion
(Gourgueset al. 2000). These inclusions show good lattice matchiitg AF and
promote its nucleation (Bhadeshia and Honeycoml@&2® coarse austenite grain
size promotes the decomposition of austenite t@&\Bhown in Figure 2.13.

Inclusions

Bainite
Acicular ferrite

Figure 2.13:lllustration showing the effect of austenite graire on the final

transformed structure (Bhadeshia and Honeycomb&)200

There are similarities of the transformation nmetbhms of both AF and bainite.
While the AF nucleates at point sites and growseweral directions in the form of
plates, bainite nucleates at austenite grain boyratad grows in the form of parallel
plates. As a result of this difference in nucleatmechanism, the lath morphology in
AF differs from that of bainite. The heating rateldhe chemical composition of the

steel also have a significant effect on the fororatf both AF and bainite.
2.1.2.2Strengthening Mechanisms in Ferritic Microstructure

Strength is one of the fundamental propertiesteéls, and there is a significant
commercial benefit in producing high strength steglreducing the cost per unit

strength as a result of material saving.

Strengthening of a metal, which represents theease in the resistance to yielding
or plastic deformation, can be obtained by chamyesicrostructure that impede the
motion of dislocations (Cottrell 1964; Courtney 09%shby 1970). Based on the

type of obstacles that hinder the motion of didlimeca and hence increase the
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strength, the yield strengths,§j of steels is usually expressed in the form of
generalised equation where the contribution oftal strengthening mechanisms are
added as follows (Pickering 1978):

Oy =0t 0sst op+ogg top tor (2.1)

where o, is the lattice friction,css is the solid solution strengtheningp is the
precipitation strengtheningsgs is the grain boundary strengthening; is the
dislocation strengthening anelr is the texture strengthening. The mechanisms
involved in each of them are briefly discussed e ffollowing sections with

particular attention being focused upon their dftactthe ferritic microstructure.
2.1.2.2.1Lattice Friction Stress

Lattice friction stress is also termed Peierl$&lao stress as it was first described
by Peierls (1940) and Nabarro (1947). It represtrgsstress required to move free
dislocations (i.e. with no obstacles) along the plianes through a crystal. It can be
regarded as the yield stress of a pure single alry3this stress is particularly
sensitive to temperature. It is generally recoghitet the temperature-dependence
of this stress will arise from the thermal broadgnof dislocations and from the
thermally activated jump of sections of the distamas from one energy minimum to
the next (Heslop and Petch 1956).

2.1.2.2.2Solid Solution Strengthening

The introduction of substitutional and interstitsolutes increase the yield strength
as shown in Figure 2.14. The substitutional saditens, typically P, Mn, Si, Ti and
Nb in low carbon steels, replace the Fe atoms enRé crystal structure causing a
symmetrical distortion in the lattice (Fletcher 99.7This leads to the appearance of
elastic deformation fields which retard the movetnaidislocations in slip planes
under the action of applied stresses and, henee,strengthening effect. The
strengthening achieved by substitutional solutenat@lepends mainly on the size
difference between the solute and solvent atomaglagh when the difference is

large.

Interstitial solutes such as C and N, on therofiaad, introduce an asymmetric or
tetragonal lattice distortion which produces stteeging effects that are 10 — 100
times that of substitutional elements (Leslie 19%7®&kering 1978; Ginzburg 1989).
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In the case of IF steel, the contribution to stterdpe to the presence of C and N in
solid solution is non-existent since they are almosmpletely stabilised as
precipitates (i.e. TiN, TiC, NbC...etc).

Carbon and Nitrogen

+300 |
Phosphorus

+225 | Silicon

+150 ]

Copper Manganese
+75

Molybdenum

A= Nickel and Aluminum

CHANGE IN YIELD STRESS, MPa

Chromium
P

-75 Il 1 ! n
0.5 1.0 1.5 2.0 25

ALLOY WEIGHT, %
Figure 2.14:Solid solution strengthening of ferrite as a fumctof alloying element

in low carbon steels (Pickering 1977).

In addition to the size effect, the differencethe elastic modulus and the electro-
negativity of the solvent and solute are other madms of solid solution
strengthening (Leslie 1972; Dieter 1986; Courtn890). However, the contribution

of these strengthening mechanisms is very limiteglie 1972).
2.1.2.2.3Precipitation (Dispersion) Strengthening

Precipitation within a crystalline lattice caroprote strengthening by impeding the
motion of dislocations. This resistance is primadependant on the shape, size,
distribution and volume fraction of the precipitgtarticles, and their coherency or
misfit with the matrix. Based on these factors|adiations may shear precipitates
(Friedel mechanism) or avoid precipitates by logpentruding and bypassing them
(Orowan mechanism). Figure 2.15a shows the obstablat particles present to
dislocation motion as first described by Orowan4@P9where this mechanism is
predominant for incoherent, semi-coherent and Iparticles (Gladmaret al. 1977,
Meyers and Chawla 1984). On the other hand, FigQui&b shows a dislocation
intersecting second phase particles (particlerajttwvhere the interfacial area of the
particle/matrix is increased (Gladman 1997). Theesst required for plastic
deformation increases with decreasing spacing oficges. The strong carbide,
nitride and carbonitride forming elements such 8sNb, V and Mo can have a

remarkable effect on strength.
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Figure 2.15: Interaction between dislocations and precipitaiigles. (a)
Dislocations loop around the particles (Orowaninary climb around them (not
shown) (Reed-Hill and Abbaschian 1994). (b) Distaoes glide through the slip

plane and shear the particles (Friedel) (Gladm&7Y)1L9

2.1.2.2.4Grain Boundary Strengthening

The refinement of the grain size of ferrite pa®s one of the most important
strengthening routes in the heat treatment of .stéwd first scientific analysis of the
relationship between grain size and strength wasrted by the equation developed
by Hall (1951), based on experimental observatians, greatly extended by Petch
(1953), based on both experimental and theoreapgroaches. The Hall-Petch
equation for the dependence of stress on grain djzs:

6y =0+ k d” (2.2)

whereo, is the lattice friction and k is a constant whigpresents the difficulty
required to unlock or generate dislocations in hieayiring grains. Figure 2.16 shows
Hall-Petch plots of lower yield strength, flow stses at various strains, and ductile
fracture stress as a function of ferrite grain sizdow carbon steels. This figure
shows that the slope is steepest for the lowedystlength compared with higher
strains where grain boundaries decrease in impwetaas the dislocation cell
structure develops within ferrite grains and cdmité to strengthening. Fine grain
sizes also significantly increase ductile fractwteesses since grain boundaries

increase the resistance to crack propagation.
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Figure 2.16: Lower yield strength, flow stresses at variouaiss, and fracture stress

as a function of grain size in low carbon steels{gtrong 1983).

In addition to their role in precipitation strehgning, microalloying elements
(MAE) such as Ti, V and Nb are found to be verefive grain refiners (Pickering
1978; Cohen and Hansen 1986). It is important t@ mieat grain refinement is the
desirable strengthening mechanism since it is tleehanism that increases both
strength and toughness as shown in Figure 2.1%. fidure compares the effects of
various strengthening mechanisms of low carbonisster the impact transition
temperatures. It can be seen that while dislocatoengthening, precipitation and
pearlite content of ferritic microstructure increastrength, they also raise the
transition temperature except for grain refinemartere the strength increases with

a decrease in the transition temperature.
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Figure 2.17 Change in impact-transition-temperature (ITT)dweed by 15 MPa

increases in strength by various strengthening ar@sms (Pickering 1977).
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2.1.2.2.5Dislocation Strengthening

Dislocation strengthening, or work hardeningamsimportant process in steel and
can be introduced by cold working, quenching stradifferences in thermal
expansion between particles and the matrix, voluoh@nges accompanying
precipitation and strains produced during low terapge transformations (Pickering
1978). It is determined mainly by the interactidndeslocations and is associated
with the structural changes that impede the movemiedislocations.

The presence of dislocations generates intetregdssfields. Extra work needs to be
done to move a dislocation through such interrmasstfields of other dislocations.
Michalak (1965) and Kuhlmann-Wilsdorf (1984) hawedretically evaluated work
(strain) hardening and have presented the followopgation to characterise it:

i=aGbp” (2.3)

wherer; is the internal stress, is a constant depending upon crystal structGres
the shear modulug) is the dislocation Burgers vector apdis the dislocation
density.

Whereas work hardening or dislocation strengtigeicain result in very high levels
of strength in steels, these are achieved at therse of toughness and ductility. For
this reason, little use is made of this methodtgthening (Smallman and Bishop
1999; Bhadeshia and Honeycombe 2006).

2.1.2.2.6Texture Strengthening

The flow stress of a single crystal varies witleltation and, hence, materials with
a preferred orientation will show plastic anisoyrpgepending on the strength of the
texture. In fact, the presence of texture is knawrstrongly influence the deep

drawability and introduces anisotropy in the yistength of the sheet steels.

Specific reference to this important aspect rfuiee effects will be made in Section
2.1.4.1 when considering the use of textures iatign to through-thickness strength
and plastic anisotropy in formable sheet steels.
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2.1.3 Low Carbon Cold Rolled and Annealed Sheet Steel

Many applications for steel require thin sheet topswith thicknesses in the range
0.3 - 2 mm. Such material cannot be produced bydilnig due to heat loss, scaling
(oxidation) and dimensional control. Many applioas for thin strip, such as car
body applications, require that the steel has & ymod formability, sufficient

strength, good weldability, corrosion resistanamdysurface quality, etc. Within the
family of low carbon steels, which have been dewetbfor applications requiring
these properties, interstitial free steels and 4sigbngth low-alloy steels will be

discussed in the following Sections.
2.1.3.1Interstitial Free (IF) Steels

Interstitial free steels are described as ste#ls an extra-low carbon and nitrogen
content making it virtually free of interstitialahs. Residual carbon and nitrogen in
IF steel are combined with elements that have @gtaffinity for them, such as
niobium or titanium which lead to the formationretatively coarse nitrides (TiN),
carbonitrides (NbCN/TICN), carbosulfides (Ti,NB6)S, and carbides (TiC/NbC)
(Gladman 1997; Raabe and Hantcherli 2005). Thi€qe® of stabilisation of the
interstitial solutes imparts excellent formability IF steels, enabling them to be

extensively used in automotive applications (Kraatsasl. 1991; Tsunoyama 1998).

Table 2.1 shows typical composition ranges @f éfements in IF steels. Based
upon the chemistry, IF steels are typically clasdiinto single stabilized (Ti-IF) and
(Nb-IF) or as dual stabilized (Ti-Nb IF).

Table 2.1: Composition ranges (in wt %) of IF steels (KraR885).
C Si Mn P Al N Nb Ti S

0.oo2-0.008 001-003 0.910-034  001-002 003-0.07 0.001-0005 0.005-0.040 0.01-011  0.004-0.01

The Fe-rich side of the Fe-C diagram is showrkigure 2.18. The low carbon
contents of IF steels are well below those of stedhich form pearlite after hot
rolling. Figure 2.18 also shows that and As temperatures of IF steels are higher
than those of higher carbon steels where the adddf microalloying elements in
solid solution (i.e. Ti, Nb or V) will further inease these temperatures as ferrite

stabilisers. This increased range of ferrite stigb@ffects temperatures used for
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finish hot rolling and for annealing after cold Inog. It can also be seen that with
decreasing temperature the solubility of carbonferrite decreases and it is

negligible at room temperature.
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Figure 2.18:Fe-rich side of Fe-C diagram, showing the extémte ferrite phase
field and the decrease of carbon solubility witkeréasing temperature (Krauss
2005).

It is important to point out that the cold rolladd annealed IF steels have very
strong <111>//ND recrystallisation textures andhhig (defined in Section 2.1.4.1)
when titanium and niobium levels are near or jasexcess of that required for the
stoichiometric combination with carbon and nitrogen form the carbo-nitrides
(Hudd 1987). Figure 2.19 shows the increase,imalue when the Ti and Nb content

reach the stoichiometric value.
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Figure 2.19:Influence of Ti, Ta and Nb content on thevalue. The graph shows
the deficit/excess in at % of the alloying elemestative to C+N content.
(Hutchinson 1994)

Deformation and Recrystallisation in Low Carbonefte 46



The main problem with IF steel is the low strénghough this can be raised by
generating a fine grain size. However, controllthg grain size is very difficult
especially after hot rolling. The rolling scheduheist be designed in such a way that
during hot rolling some carbo-nitrites can pre@fst and hinder an excessive
austenite grain growth. Also, the last hot rollipgsses should typically be carried
out with large reductions at relatively low rollibgmperature since this will lead to a
refinement of ferrite grain size (Verlindest al. 2007). In addition to the grain
refinement, this type of steel is sometimes re-phogsed to increase the strength

level, and may be re-siliconised to further incestige strength (Gladman 1997).
2.1.3.2High Strength Low Alloy (HSLA) Steels

High Strength Low Alloy steels are described astwlled-rolled microalloyed
steels and derive their name from their higherngfites, relative to plain carbon
steels with ferrite-pearlite microstructures, ar textremely small amount of
alloying elements compared to the main commercilmly@d engineering steels
designed to be hardened by martensite. HSLA stemlsilly contain low carbon
contents (0.03-0.25%), and give improved strengthweight ratios with high
toughness and good weldability.

HSLA steels are precipitation strengthened/ graifned steel where the small
amount of microalloying elements (i.e. V, Nb and)Tcombined with controlled
rolling, controlled cooling, and with an optimumiliggtion of microalloying
additions produce a fine ferritic structure in theal product (Kozasu 1992;
Gladman 1997). It has been noted (see Section.2.4)2hat only grain refinement
can increase both strength and toughness and dectiea ductile-brittle transition
temperature. Figure 2.20 shows the variation ofyile&l strength as a function of
grain size for both mild steel and HSLA. It showsoathat HSLA steels gain extra
strength, AY, as a function of the precipitation strengtheniagsociated with
microalloying elements (Cohen and Hansen 1979). ASleels are used in many

applications including car body components, stmattsections and welded beams.
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Figure 2.20: The effect of the grain size and other strengtigemechanisms on the

yield strength in low-carbon steels (Cohen and ldari®979)

2.1.4 Properties of Low Carbon Steel
2.1.4.1Formability

Low carbon steel sheets used for car body agpgits, for example, are subjected
to a variety of forming operations, including dedgawing. This requires that the
material should flow easily in all directions iretiplane of the sheet and resist local
thinning in the side walls during elongation. Thasatropy of a material has a
marked influence on the distribution of strainsttban be obtained during deep

drawing.

The criterion for plastic anisotropy in the cottef drawability is usually given by

the ratio of the true strains in the width,( and thicknessg,) directions of a tensile

test (the Lankford value, r) (Lankfoed al. 1950) as follow:

r=— (2.4)

It is clear that deep-drawing steels require ghhivalue (r > 1) to minimise the
local reduction of the strip thickness during tleenfing operation. However, the r-
value is conventionally not constant over the wasidirections within the strip plane,
leading to planar anisotropy\r. This planar anisotropy is responsible for the
unfavourable formation of ears during deep-draw{(ktyumphreys and Hatherly
2004). The planar anisotropy can be described by:
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_ Mo+ r90_2r45
2

Ar (2.5)

where subscripts stand for the angle between tisléespecimen axis and the rolling
direction of the sheet. A planar anisotropyAof> 0 leads to the formation of ears in
the rolling direction and transverse to the rollohigection, whereaar < 0 leads to
ears at 45to the rolling direction. A low planar anisotropyr =~ 0, together with a
high mean r-valuery, defined in Equation 2.6, yields an optimal deegpadng
performance (Llewellyn and Hudd 1998).

_ Fo+ 2rs+ o

2 (2.6)

To meet the above-mentioned requirements a seiteremical composition is
crucial. The chemical composition of such steelsharacterised by a low carbon
and overall low alloying conter(Hutchinsonet al. 1990). Figure 2.21 shows the
strong effect of very low carbon content on incne@s, values. Severe cold work
prior to annealing also promotes favourable textaed highr, values, as shown in
Figure 2.22. Both of these curves demonstrate éng positive effect of low C on

m.
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Figure 2.21:Effect of steel carbon content gpvalues (Hutchinsoet al. 1990).
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Figure 2.22: Effect of steel carbon content and cold reduction,, values (Fukuda
1967).

In fact, the higlr, values and, hence, the improved drawability ase@ated with
the formation ofy-fibre (ND // <111>)recrystallisation texture which is produced
after hot deformation, cold rolling and annealidu{chinson and Ushioda 1984;
Hutchinson 1984; Satoét al. 1986). Figure 2.23 shows that the higher the volume
fraction of {111} oriented grains, the higher ithvalue. Moreover, the increase of
carbon atoms in interstitial solid solution degradbe beneficial {111}

recrystallisation texture and increase unfavourdhte0} and {100} components
(Krausset al.1991).
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Figure 2.23:Influence of Crystallographic Texture opValues (Held 1965).
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2.1.4.2Ductility and Strength

Changing the processing and chemistry of low @arbteels produces different
mechanical properties. In addition, the differencnostructural morphologies of
these types of steels (i. e. different ferrite nmmlpgies) have an important influence
on the mechanical properties due to the differeincéhe nature of the internal
microstructure in terms of dislocation density, exgaturation of solute atoms and
lattice distortion. For example, polygonal ferriexhibits a high ductility, low
strength and low hardness since this ferrite mdgayohas a low dislocation density

and a low supersaturation of solute atoms.

Depending on their application, steels have liEameloped with different values of
strength and ductility as shown in Figure 2.24stéels, for example, usually have
high ductility values of more than 45% total teeslongation. However, they show
considerably lower values of yield strength comgaeHSLA, dual phase and TRIP
steels. Yield strengths for IF steels typicallygarbetween 140 and 180 MPa and
tensile strengths range between 290 and 340 MPacafehe tensile strength for
HSLA steels can reach up to 700 MPa (Krauss 2005).
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Figure 2.24:Ranges of elongation and yield strength combindto various types

of low-carbon steels (Krauss 2005). BH, bake-hardgrCMn, carbon-manganese;
CP, complex phase; DP, dual-phase; HSLA, high-gtrelow-alloy steel; IS,
isotropic steels; MART, martensitic; TRIP, transf@ation-induced plasticity.
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2.2 The Deformed State

Many metals need to undergo plastic deformafi@n rolling, drawing, forging,
etc.) to generate useful final products. In thisdgt attention will be given to the
cold rolling process where the metal is passed é&atwcounter-rotating rolls. Cold
rolling is carried out below ~0.8,, whereT, is the absolute melting point of the
metal. This process is widely used to make shewdss&ips with superior surface

finish and dimensional tolerance (Llewellyn and HU®98)

During deformation, the internal structure of atah changes in several ways; the
grains change their shape, total grain boundarya arereases, an internal
substructure forms within each grain and point dsfeare generated. These
structural changes are associated with the formatnal accumulation of dislocations
(Humphreys and Hatherly 2004).

Most of the energy expended in cold deformatippears in the form of heat, with
only a very small amount stored in the metal a@rstenergy associated with various
lattice defects created by the deformation (Diet®86). The amount of energy
retained depends on the deformation process anghder of other variables, for
examples, composition of the metal as well as thte rand temperature of
deformation (Reed-Hill and Abbaschian 1994).

In cubic metals, there are two principle modedeafbrmation: slip and twinning. If
the stacking fault energy is relatively high asha case of low carbon steels, plastic
deformation at normal conditions is only due tostajlographic slip (i.e. slip on
planes and along directions fixed with respect e trystal axis). Typical slip
systems for BCC materials are on the {110}, {112}{423} planes in the close
packed <111> directions (Taylor and Elam 1926; Eas2005).

During deformation, each grain tends to changeitentation with respect to the
direction of the applied deformation which leadstpreferred orientation or texture
as deformation proceeds. However, these changegaims’ orientation are not
uniformly distributed since each grain of an aggtegs subjected to the constraints
exercised by neighbour grains, each of which imheing in a unigue manner,
thereby generating microstructural heterogeneitigbe form of deformation bands,
transition bands and shear bands (Humphreys arteH@a®004). Figure 2.25 shows

the hierarchy of microstructure in polycrystallineetal deformed by slip. At the
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smaller scale, dislocation cells, which comprise #imallest volume elements, are
surrounded by single walled Dense Dislocation W@IBW) at low strain or double
walled Micro Bands (MB) at medium strain (Figur@@a). At high strain, the cell
blocks become elongated and surrounded by lameéi&ocation boundaries (LB)

which replaces the DDW and MB structure as showriguire 2.26b (Dohertgt al.
1997).

' Dislocation
boundaries
(b)

Deformation

bands Shear bands

() (d)

Figure 2.25: The hierarchy of microstructure in a polycrystadlimetal deforming by
slip (Humphreys and Hatherly 2004). The variousuiess are shown at increasing
scale: (a) Dislocations, (b) Dislocation boundar{e$ Deformation and transition

bands within a grain, (d) Specimen and grain-sslaéar bands.

Lamellar Boundaries (LBs)

(b)

Figure 2.26: Schematic of grain subdivision at (a) small anddlge strains
(Dohertyet al. 1997).
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During the deformation of low carbon steels, mmomogeneous distribution of the
dislocations occurs (i.e. formation of cell and gnain structures) as a result of
dynamic recovery. The size of these cells/subgrdatreases with increasing strain,
independently of the mode of deformation, as showhigure 2.27 for low carbon
steel and iron (Langford and Cohen 1969; Gil Samil 1980). However, the
cell/subgrain misorientations increase with st(@lomphreys and Hatherly 2004). In
addition, it is important to mention that both thize and misorientation of the
cell/subgrain structure is dependent on the graentation and, therefore, the stored
energy will vary with different texture componenBillamore et al. (1972) found
that the stored energy of thefibore components (discussed in Section 2.4) of the
rolling texture in deformed iron is of the follovgrorder: k10> Ej11 > Ei112> Ejpo @s

can be deduced from Figure 2.28.
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Figure 2.27:Dislocation cell size as a function of true straim low carbon steel
and highly deformed iron (Langford and Cohen 1968 Sevillano 1980).
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Figure 2.28: Variation of cell size and cell boundary misorggian in rolled iron as

a function of local orientation (Dillamosed al. 1972).
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During deformation in the presence of large sdcphase particles, large strain
inhomogeneities are formed. The large particleslénirdislocation slip and, hence,
accumulate dislocations in their surroundings whecal lattice rotations, generally
about <112> orientation axis, may occur creatimglatively high dislocation density
zone with a large orientation gradient. Such zarestermed Particle Deformation
Zones (PDZ) (Figure 2.29) and are affected by rstrparticle size, particle shape,
interface strength and the plastic properties efrttatrix (Humphreys 1985). These
zones are known to extend to a distance of abgpattiale diameter from the surface
of the particle (Dohertgt al. 1997).

Rotated Zone Distorted Region

Figure 2.29: A deformation zone in a rolled polycrystal (Poed Humphreys
1979)
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2.3 The Annealing Process

When a metal is cold rolled, almost all of itsypical and mechanical properties are
changed (Reed-Hill and Abbaschian 1994). Cold ngllincreases strength and
hardness and it decreases ductility. So, most ldd sheet products are usually

annealed in order to increase the ductility.

During annealing, the deformation microstructonay experience up to three stages
of structural alteration: recovery, recrystallisatiand grain growth (Dohertgt al.
1997). Recovery includes all processes releasorgdtenergy that do not require the
movement of high angle grain boundaries. Typicallinvolves the annihilation and
rearrangement of dislocations to lower the enertgpred, for example by the
formation of low-angle cell boundaries. On the othand, recrystallisation is the
migration of high angle grain boundaries drivently stored energy (Dohergyf al.
1988). Two types of recrystallisation can be id&di (Doherty 1996):

» Continuous recrystallisation, where the recovered dislocation substructure

keeps on coarsening. It is a homogeneous typeblbh<3process.

» Discontinuous recrystallisation (the most common, and the case of interest
in this study), where a new set of strain—free raiucleate and grow, and
thereby consume the deformed/recovered microsteictult is a

heterogeneous type—I Gibbs process.

The last stage of the annealing process is gm@amsening. It is the growth of the
mean grain size driven by the reduction in graimraary area (Novikov 1996;

Martin et al. 1997). All of these three stages will be discussetktail in this report.

2.3.1 Recovery

The recovery stage of annealing involves onlytiglarestoration of properties
characteristic of undeformed material prior to ystallisation. Dislocations are
annihilated and rearranged during this processtluge the stored energy of the
matrix as shown in Figure 2.30. In this procesgnificant subgrain growth can
occur to lower the stored energy. However, theimaiggrain boundaries will not be
affected. By the end of this stage, a small amaifnductility will be regained

without a significant reduction in strength.
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Figure 2.30:Various stages in recovery of plastically deformeaterials: (a)
dislocation tangles; (b) cell formation; (c) antalion of dislocation within cells; (d)

sub-grain formation, and (e) sub-grain growth. (kbhneys and Hatherly 2004)

The driving force for recovery is the reductionstored energy due to a decrease in
both point (vacancies) and line (dislocation) defe@®ohertyet al. 1997). Both
recovery and recrystallisation are competing preegss they have the same driving
forces. If sufficient recovery is allowed to occthrere will be a lower driving force
for recrystallisation which may result in a slowete of recrystallisation (Beck
1954).

The rate of recovery is influenced by any feaiaréhe microstructure that inhibits
dislocation motion such as solute content or fiadiples (Leslieet al. 1963). Also,
Stacking Fault Energy (SFE) influences the rateecbvery since it influences the
rate at which dislocation climb and cross slip acti addition, the rate of recovery
is affected by the annealing temperature with heghperatures resulting in a higher

rate of recovery (Humphreys and Hatherly 2004).
@) T =t
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Figure 2.31:Realignment of edge dislocation during polygon@a{Humphreys
and Hatherly 2004). (a) As deformed, (b) After desltion annihilation, (c)
Formation of tilt boundary.
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One of the most important recovery processesiweiad to a rearrangement of the
dislocations, with a resultant lowering of the itstrain energy, is polygonisation
(Cahn 1949). This is the mechanism, illustratedessdtically in Figure 2.31,
whereby dislocations all of one sign align themsslinto walls to form small-angle,
polygonised, or sub-grain boundaries. The dislocatialls shown in Figure 2.31c
are known as tilt boundaries. These are a partigusemple type of low angle grain
boundary. The energy of a tilt boundary increasiis iwcreasing misorientation and
the energy per dislocation decreases with incrgasirsorientation (Figure 2.32).
Therefore there is a driving force to form fewegQrmhighly misoriented boundaries

as recovery proceeds (Read 1953; Humphreys anciat004).

Energy

Misorientation (°)
Figure 2.32:Effect of misorientation angle on the boundary ggemd energy per
dislocation in low-angle boundaries (Humphreys Hiatherly 2004).
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2.3.2 Recrystallisation

In this stage, the deformed lattice is completelylaced by a new unstrained one
by means of a nucleation and growth process (disuoyus recrystallisation)
(Humphreys 2004), in which strain-free grains gréoeem nuclei formed in the
deformed matrix. Recrystallisation after deformaties the only method for
producing a completely new grain structure with@dified grain size, shape, and, in
particular, orientation or texture. Compared tookexy, recrystallisation results in a

more significant increase in ductility and decreasstrength.
2.3.2.1The Laws of Recrystallisation

There are five ruleshich are generally obeyed when recrystallisateooansidered
and they summarise the behaviour during recrystibn (Mehl 1948; Burke and

Turnbull 1952). These rules are:
1. A minimum amount of deformation is necessary ttiate recrystallisation at
high temperature.

2. The smaller the degree of deformation, the highertémperature necessary to

cause recrystallisation.

3. Increasing the annealing time decreases the tetperarequired for

recrystallisation.

4. The recrystallised grain size depends mainly ondegree of deformation,

being smaller for large amounts of deformation.

5. For a given amount of deformation the recrystdilisatemperature will be

increased by:
- a large starting grain size.

- a higher deformation temperature.
2.3.2.2Factors Affecting Recrystallisation

Some of the main factors influencing the ratevhich recrystallisation occur in

materials are described briefly in the followingufHphreys and Hatherly 2004):

1. The Level of Strain: an increase in the degree of cold work increases th

dislocation density which means an increase instbeed energy of the system.
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Moreover, a high level of strain increases theedédhces in stored energy which
provides favourable sites for recrystallisation ,ahdnce, increases the rate of

recrystallisation.

2. Initial Texture: recrystallisation of different texture componentd occur at
different rates since the stored energy distribieterogeneously according to

the different orientations of the texture composent

3. Initial Grain Size: this factor affects the rate of recrystallisatiorseveral ways

as follows:

- A finer grain size provides a higher stored epesgdter low degrees of

deformation.

- An increase in grain size increases the formatibmhomogeneities such as

shear bands which are sites for nucleation.

- Grain boundaries are preferred sites for nuadeatnd these sites are greater in

number for a fine grained material.

- Grain size affects the formation of deformaticexttires and hence the

recrystallisation texture.

4. Solutes: the effect of solutes is to hinder recrystallisati An increase in the

solute in solid solution slows the recrystallisatrate.

5. The Deformation Temperature and Strain Rate: with high deformation
temperature and low strain rate, the stored enesgyeduced by dynamic

recovery processes and hence the recrystallisetterwill be less.

6. The Annealing Temperature: The recrystallisation rate will be increased & th
annealing temperature increases because it israndlg activated process. To
some extent, the Arrhenius plot determines thetiogiship between time and
temperature in the recrystallisation process (Huensh and Hatherly 2004). If
the time for 50% recrystallisationy§) is considered to be a measure of the rate

of recrystallisation, then the relationship will &g follows:

Rate=1/t,, =C exp{—%) (2.7)

Where C is a constantQ is the activation energy (in J/molR is the gas

constant andT is the temperature (in Kelvin). A plot of Ip§ against 1T
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gives a straight line with a slope which allows thetivation energy to be

determined.

7. The Heating Rate:if the heating rate is increased, the recovery @ahsume
less stored energy which leads to an increaseeineitrystallisation rate.

2.3.2.3The Nucleation of Recrystallisation

The conventionally used term “nucleation” to désethe origin of recrystallisation
is not appropriate because nucleation in the das&rmodynamic sense does not
occur (Humphreys and Hatherly 2004). What happeitisat these new grains grow
from small regions, recovered subgrains or celst tare already present in the
deformed microstructure. One of the many importorisequences of this idea is
that the orientation of each new grain arises ftbensame orientation present in the
deformed state (Doherst al. 1997). However, the term “nucleation” will be used

this report as it is widely accepted.

Typical “nucleation” sites, all of which have hidocal misorientations, include
(Dohertyet al. 1997):

1. Pre-existing high angle grain boundaries or triplejunctions: it has been
reported that grain boundaries give rise to inhoenegy of slip (Ashby 1970;
Leffers 1981) which may lead to the operation dfedent slip systems, hence,
increase local misorientation where recrystall@ais likely to originate in, with
new grains of orientations which are not closehtuse of the parent grains (Beck
and Sperry 1950). Some evidence of this mechanias bdeen reported by
Hutchinson (1989) in iron bicrystals in which theeatations of the new grains
were rotated by 30from the parent grains. Recrystallised grainsashma-fibre
orientations in low carbon steels seem to origirfiaen prior grain boundaries of

similar orientation grains (Akbaet al. 1997).

2. Transition bands: these bands are inside and between different phtie grain
that have undergone different lattice rotations tdudifferent slip systems being
activated. Therefore, they are regions of largerdation gradient which are ideal
sites for recrystallisation (Inokuti and Doherty 789. Recrystallisation at
transition bands in iron was first reported by H943) and Walter and Koch
(1963). This nucleation site is important in deteing the recrystallisation

texture as the recrystallised grains nucleated ftbese bands tend to have a
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preferred orientation. However, transition bandleation is not significant in

low carbon steels (Humphreys and Hatherly 2004).

3. Highly misoriented deformation zones around large prticles: large particles
of diameter greater than approximatelyrh (Hansen 1975; Humphreys 1977)
can act as nucleation sites for recrystallisatimmough the Particle Stimulated
Nucleation (PSN) mechanism. It has been found thege particles hinder
dislocation slip and therefore accumulate dislacetiin their surrounding where
local lattice rotations of the matrix adjacent e fparticle may occur to reduce
the deformation incompatibilities. One importanpes of this mechanism is that
the nucleation sites are well defined regions da thicrostructure. So, the
recrystallised grain size may be controlled by raitg the alloy or process
(Humphreys and Hatherly 2004). (discussed in detaiBection 2.3.2.5).

4. Shear bands:they are highly misoriented regions characterisgai angle of
about 38 with respect to the rolling plane and paralletrte transverse direction.
They can initiate at the grain scale and then agvébd cross several grains. The
occurrence of shear bands is influenced by the rohfion condition,
composition, texture and microstructure of the maleDillamore et al. 1979;
Liu et al. 1989; Humphreys and Hatherly 2004). Shear banefemntially form
in {111}<112> regions and can result in the creatmf Goss oriented nuclei
(Harataniet al. 1984).

The mechanisms of recrystallisation nucleatioouogng in low carbon steels can
be classified into three main mechanisms, which described in the following

Sections.
2.3.2.3.1Strain Induced Boundary Migration (SIBM)

This mechanism takes into account the migratioa pre-existing high angle grain
boundary, or the one generated during deformatimnard the interior of a more
highly strained grain, as shown in Figure 2.33. Tbedition for the process to occur
is the favourable energy-balance between the deerehstored energy due to the
elimination of defects caused by the passage dbdl@dary and the increase in total

grain boundary surface due to bulging (Beck andr3@@50; Bailey 1960).
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Grain 2 E,

(d)
Figure 2.33:(a) SIBM of a boundary separating a grain of leered energy (E1)

from one of higher energy (E2), (b) dragging of diedocation structure behind the

migrating boundary, (c) the migrating boundaryreeffrom the dislocation structure,

(d) SIBM originating at a single large subgrain (kahreys and Hatherly 2004).

The boundary of the bulge moves with an irregelarved shape (Reed-Hill and
Abbaschian 1994), as can be seen from Figure Z:B& can be explained by
assuming that the rate of motion is a functiorhef $ubstructure density in the metal.
The boundary should move faster into those regwinere the distortion has been

greatest.

Moving
boundary

Original
boundary

Figure 2.34:The irregular form of the moving boundary (Beckl &perry 1950).

One of the interesting aspects of SIBM is thatead of the boundary of the
moving grain lowering its surface energy througk thovement, it may actually
increase it by increasing its area. SIBM is paléidy important after low strains and
a characteristic feature of this mechanism is tih@& new grains have similar

orientations to the old grains from which they hgvewn.
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2.3.2.3.2Nucleation by Subgrain Coalescence

Coalescence is an alternative mechanism, proptseddu (1962), by which
neighbouring subgrains may merge into a criticabeym, leading to disappearance
of sub-boundaries (decreasing the stored energyl) dranging the orientation
differences between a group that went through scalece and its neighbouring
subgrains. The increase in the orientation diffeedleads to the appearance of a high
angle boundary capable of high-speed migrationmiiog the nucleus of
recrystallisation. Moreover, the disappearanceubtisoundaries is favourable since
it leads to a decrease in total free energy (Li 2)96-igure 2.35 illustrates

schematically the formation of a nucleus by subgcaialescence.

Figure 2.35:Coalescence of two subgrains by “rotation” of ohéhem: (a) original
structure prior to coalescence; (b) rotation of @#EFGH grain; (c) subgrain
structure subsequent to coalescence; and (d)dinadture after sub-boundaries
migration (Li 1962).

This mechanism has been associated with tranditemds, a large spread in the
distribution of subgrain angles, moderate and raglins, regions next to grain
boundaries, relatively low annealing temperatures metals with high SFE (Rast
al. 1975; Kreisler and Doherty 1978). However, itrnigpbrtant to mention that the
experimental evidence for this mechanism is limigad inconclusive (Humphreys
2004).
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2.3.2.3.3Nucleation by Subgrain Coarsening

This mechanism is based upon the polygonisatm@mpmena (discussed in Section
2.3.1) where regions of low dislocation densities surrounded by low angle grain
boundaries (LAGB) (Beck 1949; Cahn 1950; Cottréd63). Once a subgrain is
formed, it will be capable of growing at the expemd its neighbours by thermally
assisted LAGB migration. In this way, a decreasstaned energy will occur during
annealing due to the removal and rearrangement iofostructural defects. The
moving LAGB (sub-boundary) absorbs dislocationsgreasing its orientation
difference, its energy and mobility until it is isformed into a high angle boundary,

hence characterizing nucleation.

Experimental evidence suggests that this prooesars primarily within regions
with large orientation gradients. In such regiotatistical studies show an increase
in the mean misorientation across boundaries, andaease in the mean subgrain

size with annealing time (Humphreys and Hatherl@4)0

The subgrain coarsening mechanism (illustratdoersatically in Figure 2.36)
seems to be associated with high strains, a lapgead in the subgrain size
distribution, relatively high annealing temperasjrand occurs preferentially in low-

SFE metals (Walter and Koch 1963; McQueen and JD9ES).

Figure 2.36: The sequence shows the nucleation of a recrysdlfjrain starting

from a subgrain by the subgrain coarsening mecha(fangekt al. 2005).
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2.3.2.4Growth of Nuclei

Migration of high angle boundaries is the fundatak mechanism acting during
recrystallisation and grain growth, the main défece between them being the
driving force related to both phenomena. The dgviimrce for grain growth
(discussed in Section 2.3.3) is the energy of tk Angle boundaries. However, the
main driving force for recrystallisation to occws the stored energy developed
during straining in the form of crystalline defec&nother important difference
between recrystallisation and grain growth is these of curvature of the migrating
high angle boundary relative to its direction of vament (Rangekt al. 2005).
However, this fact can only be recognised at aagedcale of measurement.

It important to mention that the nucleus is sotgd to two pressures during

recrystallisation. The retarding pressure)(Bue to its radius of curvature as given

by:
Pc = 2y/r (2.8)

Whereyy is the specific energy of the high angle boundarg r is the radius of the
nucleus. The other pressure is the driving pres@®yedue to the dislocation density

(p) of the material into which the nucleus is growargl is given approximately as:
Po=0pGb? (2.9)

wherea is a constant of the order of O®js the dislocation density is the shear

modulus andb is the Burgers vector. Thus, the nucleus will gibRs > P, i.e.
D > 4yp / apGb? (2.10)

Under isothermal conditions, primary recrystallisn generally displays an
incubation time, associated with the formation ofhwcleus. The absence of the
incubation time is generally related to nucleatddrthe type of SIBM, not having in
this case the need of time for the formation ofghhmobility boundary. Growth of
the recrystallised regions due to high angle botesgacontinues until mutual
impingement of recrystallised grains, i.e. primaggrystallisation finishes when all
recrystallised grain boundaries meet. The distigouof the recrystallised regions is
heterogeneous and grain impingement already oceuen for low volumetric

recrystallised fractions (Ranget al. 2005).
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2.3.2.5Effect of Second Phase Particle on Recrystallisatio

Second phase particles within the microstructare have one of two effects on the
recrystallisation behaviour (Humphreys and Hath@0p4). If the particles have
large diameter (i.e. d >im), they can give rise to high local concentratiohstored
energy and large misorientations in the surroundmgrostructure when the
particle—containing material is deformed, and daustact as favourable nucleation
sites (Hansen 1975; Humphreys 1977). These zonéggbfstored energy tend to
extend to a distance of about a particle diametan fthe surface of the particle,
which means that the size of the zone is deterniyeithe size of the particle. Thus
if the strained region, which depends on the parsize, is larger than the critical
nucleus size, nuclei can form in these strainetbnsgand immediately start growing

due to the misorientation to the surrounding mictasure.

If however, the particles are present as a dssperof fine particles (d<0.im),
they will actually retard the nucleation processr{&r drag), as the fine particles act
as inhibitors to the movement of both dislocatiand grain boundaries (Smith 1948;
Neset al. 1985). Both effects of particles on the recrysation behaviour will be

discussed below.
1. Large (d > 1 um) Particles

The presence of large particles on the matrixideto promote recrystallisation
through the Particle Stimulated Nucleation (PSN)chamism due to the large
orientation gradient around the particle. This naedém is of particular interest
since it is significantly different to other nuctieen mechanisms. It occurs in well-
defined regions of the microstructure which caralered by alloying or processing.
Thus, the recrystallised grain size may be comdl{Figure 2.37). The nuclei’s
orientation produced by PSN differs, in generagnfrthose produced by other
mechanisms and, hence, the recrystallisation textuay be controlled by changing
the amount of PSN (Humphreys and Hatherly 2004).
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Figure 2.37:The predicted grain size for a PSN efficiency aty(i.e. all particles

give a recrystallisation nucleus). The dashed Igtesv conditions under which

Zener pinning effects may prevent discontinuousysgallisation (Humphreyst al.
1990).

Since the deformation zone has a gradient of lmstbntation and dislocation
density, the nucleation of the subgrain may ocowany part of the deformation zone
starting from the particle surface up to the pesiph Work using aluminium alloys
(Humphreys 1980) has shown a drop in the maximursonantation within a
deformation zone during annealing, as shown infdei@38. This indicates that PSN

may not occur at the regions of highest misoriotatilose to the particle interface.
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Figure 2.38:Changes in the maximum misorientation within thepdweation zone
of Si particles in Al as determined bysitu HVEM annealing at 25T (Humphreys
1980).
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The formation of this nucleus within the deforroatzone depends mainly on the
particle size and the strain (Figure 2.39) andlmaconsidered as a subgrain growth
mechanism due to the high orientation gradient e/tbe subgrain increases its
misorientation with neighbouring subgrains untilbécomes a high angle grain
boundary (e.g. 10-f% After that, the driving force for the growth tfis nucleus
within the deformation zone is provided by the hidislocation density of the

deformation zone.
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Figure 2.39:The effect of rolling reduction and particle sizetbe occurrence of
PSN (Humphreys 1977).

In the case of low carbon steels, the most comsemond phase particles, with
d>1um, are cementite particles which usually pitatigd on the ferrite grain
boundaries. These particles have complex form dineg are neither spherical nor
isolated from grain boundaries. Stress concentratio these particles can occur
which leads to fracture of the particle, formingeqes of various sizes and
morphologies. In addition, these fragmented pasicre rotated during deformation
and align themselves to best accommodate the dafammincompatibilities. Based
on these situations, deformation zones around tpesticles may not have any
systematic orientation change (Inagaki 1987b).

In addition, since cementite particles are fragree into strings located on grain
boundaries of the deformed grains during rollirggrystallised grains nucleated at
these particles also form elongated bands runnargllel to the rolling direction
situated, also, on these grain boundaries (Inab2&d).
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It is also important to mention that during arlimgg some of the carbon atoms of
the cementite particles will dissolve into the iferrmatrix which leads to a
competition between the dissolving carbides andntiieation of the recrystallised
grains (Figure 2.40a). However, the activation gpdor recrystallisation is greater
than for carbon diffusion in ferrite. So, high teengture (i.e. fast heating rate) will
accelerate recrystallisation more than cementigsadiuition where the inter-particle
spacing has an important role in this issue (Huattm 1994). Figure 2.40b shows
how the average dissolved carbon content at thie aftaecrystallisation varies as a
function of heating rate for three different padidispersions. It shows that for high
heating rates, the average carbon content in thigefelepends critically on the inter-
particle spacing, being high with a fine carbideusture (Hutchinson 1984). The

dissolved carbon has a significant effect on tloeystallisation texture which will be

discussed in Section 2.4.3.

| T | T

|
= , Fraction recrystallised = 0.01 =

A=20 um
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AVERAGE DISSOLVED CARBON, ppm

4 FesC 2a35% dissolved deformed 10?2 10! 1 10 102
» ;.:}; carbon substructure HEATING RATE, deg C/sec

() (b)

Figure 2.40:(a) lllustration of the competition between retajlssation and the

distribution of re-dissolved carbon atoms into fiereite matrix (Hutchinson 1994)
(b) Calculated average dissolved carbon conterftriite as a function of the

heating rate for three different inter-particle @pg () (Hutchinson 1984).
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2. Small or Closely Spaced Particles

A dispersion of closely spaced second phase pestiths been known to prevent or
delay recrystallisation (Zener drag) (Smith 194B)is arises from the fact that a
small area of grain boundary disappears when tlan gooundary intersects a
particle, as shown in Figure 2.41A. Therefore, toven away from the particle
requires the creation of new surface. The net fivege on a boundary of energy

per unit area due to a particle of radius r is gibg (Figure 2.41B):

F=2nrosin cod (2.11)

It is @ maximum whe# = 45. Substituting this value gives for the maximuncéar

F=nro (2.12)

Grain
boundary

o sin @

Line of contact
(27r cos )

o sin 8

Second-phase :
particle ‘

(A) (8)
Figure 2.41:Interaction between a grain boundary and a sechadepparticle
(Reed-Hill and Abbaschian 1994).

In the case of recrystallisation by Strain Indu&oundary Migration (SIBM), a
dispersion of pinning particles will have its effemn the critical bulge sizes for
SIBM. As the pinning pressure increases, the atifimige sizes for nucleation will
increase. Moreover, it is frequently found thatf@rential growth of certain texture
components will result when SIBM occurs under géetipinning conditions
(Higginsonet al. 1997).
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2.3.2.6Quantifying the Recrystallisation Kinetics

The kinetics of the recrystallisation processften quantified using the Johnson-
Mehl-Avrami-Kolmogorov (JMAK) model (Kolmorgorov BY; Johnson and Mehl
1939; Avrami 1939). This model is based on the eatobn and the growth
processes. In this model, the fraction recrysedli%,, is related to the annealing
time, t, by the following equation:

Xy=1-exp (-Bt") (2.13)

where n is the IMAK exponent and B is a constanthvblepends on the nucleation

rate, N ,and the growth rat6 . If it is assumed that

- NandG are constant,
- the nucleation sites are randomly distributed|, an

- the new grains are spherical,

-
then the original JIMAK equation will be generateilhwn=4 and B—fN4G where

f is a shape factor 3 for spheres).

This model assumes that the grains, prior to mggmnent, grow isotropically in
three-dimensions. However, if there are constralikes sample geometry or any
other internal microstructural constraints whichkesathe grains grow only in one or

two-dimensions, then the JMAK exponent is lowered.

Experimental recrystallisation kinetics measurets@re usually compared with the
JMAK model by plotting In[In{1/(1X,)}] against Inf). According to Equation 2.13,

a straight line is usually produced with n as tlope.
2.3.2.7The Role of Grain Boundaries in Recrystallisation

A grain boundary is a defective region that safes two grains or crystals having
different crystallographic orientations in polydsiine materials, where various
degrees of crystallographic misalignment betweejacatt grains are possible.

Focusing on the misorientation angle, grain bouedaare classified in terms of low
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and high angle boundaries, where the angles ofrrargation are less or more than

15°, respectively.

There are two important properties characterisirggain boundary and controlling
the migration of the new grain boundaries into ttheformed matrix during
recrystallisation; they are the grain boundary gpeand grain boundary mobility.
Both of them are not independent variables butedl&o the nature of the boundary.
In general, they depend on the relative misorientabetween the two crystals and
on the boundary plane with respect to one or theratrystal. It is well-known that
small angle grain boundaries have low energiesnaoiilities relative to high angle

grain boundaries.

For low angle grain boundaries, Read and Shockle$0) derived an expression
relating the boundary energy,to the misorientatiort, as follows

7 (7

m m

y= Vmi(l—lnij (2.14)

wherey,,and 8, are the boundary energy and misorientation whe dhain

boundary becomes a high angle boundary. Grain laynehergies for high angle
boundaries are relatively independent of misorigmaand considered to have

uniform high angle energy.

Grain boundary mobility, on the other hand, isi@ninsic property of the grain
boundary characterising grain boundary response daving pressure. It increases
with misorientation and assumed to take a sigmoidah such as (Humphreys
1997):

M=M,_ 1—e_B[“’m] (2.15)

where M, is the mobility of a high angle grain boundaryand B are constants. The

variation of boundary energy and mobility with nriemtation can be seen in Figure
2.42.
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Figure 2.42:Relative boundary energy and mobility as a functbmisorientation
angle (Humphreys 1997).

2.3.3 Grain Growth

In a completely recrystallised metal, the driviegce for grain growth lies in the
surface energy of the grain boundaries. As thengrgrow in size and their number
decreases, the grain boundary area diminisheshanwtal surface energy is lowered
accordingly (Hillert 1965).

The grain growth is a function of time, temperatand composition. In addition,
when a preferred orientation is present, it has lwdeserved that grain growth rates
are reduced (Reed-Hill and Abbaschian 1994).

Grain growth can be divided into two types, ndrmain growth and abnormal
grain growth. During normal grain growth, sometimasled "continuous grain
growth”, the distribution of grain sizes remainspaximately constant and the
grains increase their diameter continuously andigally. During abnormal grain
growth or secondary recrystallisation (sometimedleda "discontinuous grain
growth"), particular grains grow faster. The meeme ®f the others remains constant
and the grain size distribution becomes very inhgeneous. Three main factors
affect the occurrence of abnormal grain growth: thiguence of second phase
particles, the effect of orientation on boundarybitity, and the interaction of
boundaries with specimen surfaces (Dunn and Wa%66).
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2.4 Textures

Low carbon steel sheets are subjected to a yadktforming operations. The
formability characteristics of low carbon steel, mgasured by Lankford r-value
from a tensile test (as discussed in Section A).4s critically dependent on the
texture of the sheet (Hutchinson and Ushioda 1984chinson 1984; Satoét al.
1986).

The texture of the material can be defined as dine of the crystallographic
orientations of the crystallites within a polycigiine aggregate (Humphreys and
Hatherly 2004). The development of a texture cadrbeen by a variety of processes
such as solidification, phase transformation, defdron and/or recrystallisation. The
particular type and strength of the texture is goed both by the material (i.e.

crystal structure, purity, etc.) as well as thecpssing route.

The crystallographic texture is described eith®ra macrotexture or microtexture
(Randle and Engler 2000). In describing the magtate, the grains in a polycrystal
are regarded as constituting a single statisticgdufation without regard to the
spatial location of any particular grain or its atedn to its neighbours. The
microtexture, on the other hand, involves deterngrithe orientation of each grain of
the population and determining the nature and d@egfeits misorientation with

respect to its immediate neighbours.

Textures in rolled sheet metals are frequentpyregented as {hkl}<uvw> where
{hkl} are the Miller indices of planes of these gr&which are parallel to the plane
of the sheet while <uvw> are the Miller indicestlog¢ir directions which are parallel

to the rolling direction (RD) (Ragt al. 1994). A crystal orientation can also be
represented by three consecutive rotations relatiibe sample (i.¢1,®, and,)

which are called Euler angles. There are seveff@rdnt conventions for expressing
the Euler angles. The most common ones are thaskhysBunge (1965). Detailed
information on texture representation and the iatahip between Euler angles and

Miller indices for cubic materials can be foundAppendix A.
2.4.1 Typical Textures in Low Carbon Steels

The textures discussed in this report are pratidme cold rolling and annealing
(CRA) processes. The most useful representatidheske types of textures (e.g. cold
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rolling texture and annealing texture) in low carbsteels are via the (200) pole
figure (Figure 2.43a) or th@,=45" section in Euler space (Figure 2.43b). In addjtion

they are usually described in terms of certainraagon fibres in Euler space. Figure

2.43b shows the following two important fibres:

1. a-fibre or RD fibre, runs from {001}<110> to {111}<0> along <110> // RD,
and also described as {hkl}<110>.

2. vy-fibre or ND fibre, runs from {111}<110> to {111}<21> and {111}<112>
along <111>// ND, and is also described as {11 1jxx.

RD 0 P 90°
0 = L - —9
(001)[110] (001)[010] (001)[110]
; X o1 o — afibre
[ a £
[ o— — } ™D (112)[170]
i . A /
\ A K (o Ul y-fibre .
£© . O, (111)[A72]
A — — o
(MN1T0] (111)[121]  (111)[011]
(554)[275]
e {111} <112>
A (554) <2255 B (p,=45 10)001]
o {111} <110> - (110)[110]
x {112} <110> 90 J
(a) (b)

Figure 2.43:(a) Some important orientations in low carbon steepresented by
(200) pole figure (Ray and Jonas 1990). (b) Twoettigional view ofp,=45" section

of Euler space showing the most important orieotatiand fibres in low carbon
steels (Rat al. 1994).

As discussed in Section 2.1.4.1, théibre orientation is most ideally suited for
good deep drawability of the sheet steels, wherdws presence ofu-fibre
components imparts poor deep drawability. This cofram the fact that the greatest
strength lies in the direction of the cube diagawat111> direction and it is weaker
in the direction of the face diagonal <110> and kesa along the cube edge <100>
as indicated in Figure 2.44a. A cube-on-corneruiexti.e. {111}) with the strongest
crystal direction oriented normal to the sheetaotirable to the development of a
high strain ratio (Figure 2.44b).
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Figure 2.44:(a) Effect of orientation on the strength of crystia) Cube-on-corner

orientation where the cube diagonal is normal &oplane of the strip surface
(Roberts 1978).

2.4.2 Cold Rolling Textures

In low carbon steels and BCC metals in genehnal,cold rolling textures are rather
insensitive to material and process parameters. mbst significant factor is the
degree of deformation (rolling reduction) and tangsoextent the presence of a
starting texture (Hutchinson 1999). Almost all tihegortant components in rolled
steels are shown in Figure 2.45. This figure shtwestextures after 50%, 74% and
95% reductions of low carbon steel. In all casks, textures are concentrated into
the main two fibres, the- andy-fibres discussed above. It can also be seenlibat t

a-fibre becomes stronger as the rolling reductianaases.

M

Figure 2.45: Textures of low-carbon steap£=45" sections) cold rolled (a) 50%, (b)
74% and (c) 95% (Schlafer and Bunge 1974).

Deformation and Recrystallisation in Low Carbonefte 77



Moreover, Figure 2.46 shows how the volume foactfor various important

components increases with strain during cold rgllin This figure shows the

continuous strengthening offibore components as the strain increases whil¢hall

y-fibre components increase up to 70% reduction et remain constant. This

implies that 70% cold reduction is the optimum m&chn for the formation of a

strongy-fibre during the recrystallisation process.

volume fraction of texture component
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w0 (111) [112]
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Figure 2.46:Volume fraction of various important componentsiuig cold rolling

in low-carbon steels (Schlafer and Bunge 1974).

The presence of cementite particles in the malsg plays a role in controlling the

rolling texture. These particles suppress the imtattoward the stable end

orientations creating more randomly-oriented zaaresind these particles which in

turn randomises, to some extent, the rolling textiiigure 2.47 shows the effect of

these particles, where the effect is more pronadintehese particles are coarse

(Inagaki 1994)
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Figure 2.47:Orientation density of the {112}<110> {223}<110%able end

orientation observed in various Fe alloys colde@[V0% (Inagaki 1994).
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2.4.3 Development of Recrystallisation Textures

Recrystallisation, as discussed in Section 2i3.2haracterised by nucleation and
growth and both of them determine the recrystdibgatexture. If there is a direct
correlation between the orientation of the nucte &he recrystallisation texture, this
is termed oriented nucleation. In contrast, thermdgd growth theory proposes that
the resulting texture is only influenced by diffieregrowth rates of the randomly
oriented nuclei into the deformed matrix. Humphragdg Hatherly (2004) concluded

that oriented growth does not occur independerittyriented nucleation.

Recrystallisation texture is strongly influencég the stored energy since it
determines which of the nucleation mechanisms dorystallisation will dominate.
In the case of low stored energy grains, the SIBMleation mechanism dominates
(Humphreys and Hatherly 2004) and it allows subgravith low stored energy, i.e.
{001}<110> or {112}<110> subgrains, to grow intoeas of high stored energy.
Therefore, the SIBM mechanism favours the formatioh o-fibre texture

components which are usually considered undesifablgood deep drawability.

On the other hand, nucleation may take placéhbystibgrain growth mechanism if
the stored energy of the grains is high. This mema generally favours the
formation of {111}<110> and {110}<110> orientatiofBillamoreet al. 1967).

Figure 2.48 shows the cold rolling and anneatiextures ¢,=45" sections) for
75% cold rolled IF steel. A typical cold rollingxterre is shown in Figure 2.48a and
comprises well-formed- andy-fibres. During recrystallisation, thefibre is almost
eliminated whereas a newfibre is created, becoming in many cases thefealeire

of the texture as in Figure 2.48b.

Figure 2.48:Textures of IF steelfb=45" sections) for 75% cold rolled steel, (a) as
rolled, (b) recrystallised (Hutchinson and Artymowi2001).
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Another factor which has an important effect ba tecrystallisation texture is the
initial grain size prior to cold rolling. Figure48 shows that as the initial grain size
increases the intensity of thidibre decreases and there is an increase in taesity
of Goss component. Moreover, the recrystallisatexture ratio (222)/(200) and r-

value both depend on grain size, and are plottathagthe inverse initial grain size

in Figure 2.50.
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Figure 2.49:The effect of initial grain size of 70% cold raland annealed IF steel

on the recrystallisation textureg£45 sections) (Hutchinsoet al. 1990).
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Figure 2.50:Effect of initial grain size on texture ratio andalue after annealing

for pure iron and low carbon/niobium steel (Hutaan and Ushioda 1984).
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In both figures, a fine grain size will result anweaker Goss component and an
increased intensity of-fibre, and hence a higher r-value. It has beemesigd that
this behaviour is due to the existence of (1119rdgd subgrain structures adjacent to
the original grain boundaries which are preferénsiéges for the nucleation of
recrystallisation. Another explanation is that imtegeneous deformation in the form
of shear banding tends to become more prominenhencase of coarse grained
metals and it leads to nucleation with orientatisowards the Goss component
(Hutchinson and Ushioda 1984).

The most important factor in controlling the ngstallisation texture is the pinning
effect of second phase particle (Satthal. 1986). It provides a resistance to both
nucleation and growth of new grains. It has beamdothat a dense dispersion of
fine second phase patrticles suppresses the grdwiltrystallised grains with {111}
texture, thereby impairing the deep drawing propeit the steel. Moreover, the
removal of interstitials to give a sparse dispaersab coarse second phase patrticles
(as in IF steels) is a key factor for promotingthrgvalue (Subramaniagt al. 1994).
However, coarse particles tend to promote rechistibn through the Particle
Stimulated Nucleation (PSN) mechanism creating mgains highly misoriented
from the matrix which leads to a weakened textwahough Humphreys and
Hatherly (2004) state that the PSN nuclei are aodomly oriented even if the

orientation spread of the nuclei is high.

In the case of low carbon steels with cementédigles, the heating rate has an
important role in determining the recrystallisatienture (Figure 2.51). In respect to
y-fibre texture formation, a few coarse cementitetipes are less harmful than
several small ones generated with a low heatirggaata result of carbon dissolution,
as illustrated in Figure 2.52 (Abe 1992; Hutchind®@84). Also, this figure shows
clearly that the addition of carbon, either in ddblution or as carbides, will result
in a reduction of-fibre strength.
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Figure 2.52: Effects of carbon content and carbide morphology evalues of steel
(Hutchinson 1984).
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2.5 Monte-Carlo Modelling

The need for computer simulation of recrystali@aand grain growth is driven by
two different considerations (Dohergy al. 1997). First, it is of fundamental interest
for improved understanding of the highly complexepbmenon of recrystallisation
and grain growth from a microstructural point ofwi Second, from an engineering
perspective, quantitative predictions of the mitmasture and properties of materials
as affected by annealing can be made, where thagee¢exture and grain size can

be predicted.

The application of computer simulation to recajlsdation and grain growth was
strongly stimulated in the early 1980s by Andersoml. (1984). They realised that
Monte Carlo models could be applied to problemgrain structure evolution by the
extension of the Ising lattice model, used to madagnetic domain evolution, to the
Potts model. It was then possible to representetisly grains (domains) by regions

of similarly oriented (lattice) points.

A wide range of “mesoscale” simulation technighase been developed to model
evolution of microstructure, including: Vertex mdgleMonte-Carlo Potts models,
Phase-Field model, Cellular automata, etc. (Weanek Kermode 1983; Andersa
al. 1984; Chen and Yang 1996; Raabe 1998). Of thksdyibnte-Carlo Potts model,
the principles of which are discussed in AppendpsGnrell-known and particularly
amenable to the incorporation of a wide range oftathegical phenomenon
including recrystallisation and grain growth. ltmsilates boundary motion via an

energy minimisation procedure (Rollett 1997).

The applicability of the models is hindered bg thck of the experimental data on
boundary mobility and the absence of methods tatimpal 3D experimentally
measured microstructures into the models (Miodovi2@iR2). In addition, there is a
conflict of length scale in modelling the annealimgpcesses arising from the fact
that recrystallisation, for instance, is driventhgrmal energy and internal energy
which are controlled by factors at very differeanhdth scales. Humphreys (2000)
concluded that the development of the modellinganhealing requires further
development in computing power, modelling methodsd athe scientific

understanding of the physical metallurgy of anmgpprocesses.
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2.5.1 Application to Recrystallisation

The use of Monte Carlo modelling for simulatirge trecrystallisation process is
more difficult than for the grain growth proces#isTis due to the size of the model
relative to the scale of the structure which isimmportance in determining the
recrystallisation of real materials. In additioealistic simulations of recrystallisation
using an abnormal subgrain growth approach, akarcase of Monte Carlo model,
require proper handling of the energy and mobibfy grain boundaries. Many
observations have been made which suggest thatidondi subgrains acquire a
growth rate advantage over their neighbours andrheddentifiable as new grains.
This growth advantage can result from a differanamobility between the boundary
of the new grain and the boundaries in the surrmgnohaterial. By altering the rate
at which sites are sampled for reorientation, tlobitity of specific grain boundaries
can be varied and, hence, lead to marked abnormal growth behaviour which

may correspond to the early growth of new grainearnystallisation.

In order to investigate the annealing of materi@ntaining large particles - the
focus of this study - the particle must be dealthwin a different manner. It is
important to mention that little work has been domemodelling the effect of large
particles on recrystallisation. The particle, agedd by Humphreys (1992) using his
network model, may introduce microstructural angmation gradients, with small
subgrains and large orientation gradients clogbd@articles (Humphreys 1992). In
this case, he found that nucleation of recrysttili; from the deformation zone

close to the particle occurs.

Radhakrishnan and Sarma (2004) described thecapph of a coupled crystal-
plasticity-based finite-element with a Monte Cartechnique to study the
phenomenon of PSN during hot deformation and realtigation of aluminium and
the subsequent growth and orientation of the nudleey started by simulating the
plastic deformation using a crystal-plasticity-lshdenite element technique. The
simulation domain in the form of a single crysthicrystal or a tricrystal was
discretised such that a large number of elemen&aah grain or crystal. The hard
particle in the form of sphere, a cube or a rotatdoe was also discretised in similar
fashion. After that, the evolution of the deformoati substructure, which was

extracted from the output of the finite elementdations, was carried out using a
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Monte Carlo technique applied to subgrain growttheil simulation results

compared well to experimental observations.
2.5.2 Application to Grain Growth

Normal grain growth has been defined as the umifimcrease in grain size which
occurs upon annealing a polycrystalline aggregtier arimary recrystallisation is
complete. The kinetics of normal grain growth cae Igharacterised by
proportionality between the mean grain radius tpavheret is time and n is the
grain growth exponent which is equal to 0.5 as higzally predicted. The basic
Potts algorithm (Andersoet al 1984 and 1989; Srolovitet al. 1984) shows a
smaller value than the expected one of n equal30160 fact, the basic algorithm
shows some disadvantages that are inherent to dtlenique, e.g. unrealistic
nucleation events, and it was very time consumiRgcently, changes in the
algorithm have been suggested improving the acgwhthe simulation results and

reducing the run-time of the simulations.

There is no evidence for great differences betvie® and three-dimensional grain
growth, providing that no pinning particles existigdownik 2002). However, two-
dimensional Monte Carlo simulations of grain growth particle-containing
materials (Zener pinning) found a limiting graiaesiwhich differed from that which
was expected. It was later found that the pinnielgaviour of real three-dimentional
materials cannot be predicted from two-dimensiawhputer simulations (Hillert
1988; Miodowniket al 1999).
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Chapter 3
EXPERIMENTAL METHODS

This chapter details the materials examined gjmout this study as well as the
experimental techniques used to investigate therastizictures and textures

following deformation and subsequent heat treatment
3.1 Materials

The types of steels used in this study arerstitel Free (IF) steel and High
Strength Low Alloy (HSLA) steel. The chemical comsfimns are given in Table
3.1. Both steels have low carbon content, withree fnterstitial atoms in solution in
the IF steel. The steels were obtained in the fofimot rolled plate with a thickness
of ~ 4.2 mm for the IF steel and ~12 mm for the ASiteel.

Table 3.1:Chemical composition (in wt %) of the steels inyged.

Material C N Mn Al Ti Nb
IF 0.003 0.003 0.15 0.05 0.08 -
HSLA 0.068 0.006 1.39 0.05 0.003 0.059

3.2 Initial Heat Treatment

In the case of HSLA steel, initial heat treatmerats carried out to produce a
structure with fine, spheroidal, pearlite coloni@schematic illustration showing the
heat treatment cycle applied to the HSLA steehews in Figure 3.1. The sample
was heated to 1280 for one hour in order to dissolve the (Nb, Ti)(¥)
carbonitrides and then water quenched. After thatais reheated to 995 for 30
minutes followed by water quenching. This step whme to give Nb(C,N)
precipitation. Finally, the sample was aged at®Cl1fdr 24 hours to change the shape

of pearlite colonies into a spherical form (fineagiic particles). These particles are
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coarse enough to act as nucleation sites for rdligation. The particles’ volume

fraction were measured to be about 20 ~ 24% withvamage diameter ofi@n.

Temp. (*C
P ( ) Solution
Treatment
1250
Precipitation
o045 | | | _"l:reatment
Spherodisation
T12 Ffmmimimimim i dimim o m -

Rolling

Room :
Temp. Water Quenching Air cooling Q

Time (Hr)

Figure 3.1: Initial heat treatment for HSLA steel prior to rodj.
3.3 Cold Rolling

The steels were cold rolled to four differentuetions; 20%, 50%, 70% and 90%.
After each reduction a sample was removed, givitgta of four samples collected
for each steel. A small amount of error in thicls)\@gas allowed for due to the
difficulties of obtaining the exact desired amouwftreduction. The comparison
between the actual thicknesses and the ideal omesh®own in Table 3.2. Cold
rolling was performed using a two-high rolling milith 250mm diameter rolls

operating with a roll surface speed of 150 mm/s\aitkl light paraffin lubrication.

Table 3.2: Comparison between the ideal and actual thicknesses

Material Ideal Actual
Reduction (%) Thickness (mm) Reduction (%) Thickness (mm)
20 3.36 22 3.28
IF 50 2.1 50 2.1
70 1.26 72 1.17
90 0.42 89.3 0.45
20 9.6 20.4 9.55
HSLA 50 6.0 50.5 5.94
70 3.6 70 3.6
90 1.2 89.5 1.26
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3.4 Annealing

In order to study the recrystallisation kinetisgatic annealing was carried out for
samples from all the different reductions for diffiet times and temperatures. This
process was done using a LMF Carbolite high temperafurnace. Prior to heat
treatment, the samples were cut to a length of tabdunm and a width of about 7
mm, with the scale on the surface removed by gnmaiach face of the sample on

silicon carbide (SiC) paper.

Regarding the accuracy for each annealing terperaxamined, a copper rig
housing the sample with an attached thermocoupke wgad. This overcomes the
problem with the accuracy of the furnace tempeeattgading. The annealing
temperatures used range from &2@o 690C for IF steel and from 56Q to 566C
for HSLA steel depending on the four degrees ofucéidns to give full
recrystallisation within one day.

3.5 Hardness Testing

A classical way of studying recrystallisationbi hardness indents, which gives a
direct measure of the recrystallisation—inducedesafg in the material. A hardness
test measures the resistance of a material to nagioet by a harder test body. Many
different hardness tests exist, but they mainlfediin the shape of the object which
is pressed into the sample. For this study, thé&éfic macrohardness indentation test
with a load of 20 kg was used. Each as-polishedptawas tested three times to

obtain a reliable set of results.
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3.6 Metallographic Preparation and Microscopy

In order to measure the grain size, calculate rdwystallisation fraction and
analyse the texture evolution, metallographic exation was conducted on
specimens, in the as-received condition, cold doltonditions and following
isothermal annealing. In this study, most of therostructural characterisation and
analysis was done on the transverse cross secticgpiefor the texture analysis
measured by XRD in which the normal cross secti@s wsed (Figure 3.2). It is
important to mention that about 2mm of the surfaes removed prior to the texture
measurement by XRD.

Normal Direction
(ND)

XRD Rolling Direction

y (RD)

oM, SE/I\Q EBSD and TEN

Z

Transverse Direction
(TD)
Figure 3.2: Schematic diagram showing the cross section plases for the

examination of various techniques. (OM: Optical Mgcopy, SEM: Scanning
Electron Microscopy, EBSD: Electron Back-Scatteiffaction, TEM: Transmission
Electron Microscopy and XRD: X-ray Diffraction)

3.6.1 Optical Microscopy (OM)

Despite the limitations in resolution, opticalamdscopy, also referred to as light
microscopy, allows a simple, rapid and relativetguwrate assessment of grain size
and microstructure, including grain misorientatanmd the presence of second phase
particles. In this study, an Olympus BH2 opticatrascope equipped with a digital
camera was used for microstructural characterizagpain size measurements and

recrystallisation fraction determination.

All samples for optical microstructural examimatiwere initially hot mounted in
Bakelite and identified to prevent mixing. Theng ttamples were ground through a
series of successively finer grades of silicon icer§SiC) paper: 240, 480, 600, 800
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and 1200, using water as lubricant and coolanterAfhat, the samples were

mechanically polished through successiyerg 1um and ¥4m diamond pads.

The structure for both steels samples was regtasdeng a 2% Nital etch at room
temperature for around 50 seconds. In generalag mecessary to repeat theril

polishing and etching several times to obtain esfettory microstructure.
3.6.1.1Grain Size Measurement

The grain size of the etched sample was measisied the mean linear intercepts
method because of its accuracy and high speecheAai known length was placed
on the micrograph. The number of times grain botiedantercept this line was
counted. Then, this number was divided by the scigegth of the line which gives

the average mean linear intercept grain size.
3.6.1.2Recrystallisation Fraction Determination

The recrystallisation fraction in a sample wassueed using three random images
on transverse cross sections. A grid of 30 X 300)98quares printed on a
transparency was placed over the micrographs amadhtimber of crossings that
contain a recrystallised grain was counted. Thisilmer was divided by 900 which
gave the point fraction of recrystallised grains.

3.6.1.3Measurement of Pearlitic Particle size and Volumacfion

An in-house image analysis program was used tsare the fine pearlitic particle
size and its volume fraction. It is important to mtien that the pearlitic particles
present in this steel have complex form since #reyneither spherical nor isolated
from grain boundaries. Stress concentration onethmaticles can occur during
deformation which leads to fracture of the parti¢eming pieces of various sizes
and morphologies which make the measurement atfestsize difficult.

The program used determines the area fractidheoparticles. Optical images were
used. They were inverted into monochrome bitmapadjysting the contrast and
changing threshold colour limits as can be sedfignre 3.3. These steps have to be
done accurately as they can significantly affeet pinecision of the measurement.
Several areas of the specimen were viewed to edéctiie total area of the particles

per total viewed area of the specimen.
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Figure 3.3: An example of the transformation of optical imageia monochrome

bitmap for the particle’s size and volume fractineasurement.
3.6.2 Scanning Electron Microscopy

The Scanning Electron Microscope (SEM) providesiraage of surfaces and is
capable of both high magnification and good depthfield. Unlike a light
microscope, the SEM uses electrons instead of wighieto view the specimen.

In SEM, the electron beam scans across the spacaurface point by point. The
signal collected from each point is used to comstamn image on the display, with
the cathode ray tube beam and the column beammolipa synchronised scanning
pattern. This means the displayed image is theatran in detected signal intensity

as the column beam is scanned across the sample.

The sample preparation for SEM examination wasfoasoptical microscopy
(described in Section 3.5.1). Samples were examisaag a Philips XL30 FEG-
SEM operating at a voltage of 20 KeV and spot 8iZe

3.6.2.1Electron Back-Scatter Diffraction on SEM

Electron back-scatter diffraction (EBSD) is hs® a phenomena that was first
observed in 1928 by Kikuchi. It is widely used faany applications including the
studying of individual grain orientations, localxtere, point-to-point orientation
correlations and phase identification. Figure 3idves the schematic diagram of the

main components of an EBSD system.
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Figure 3.4: Schematic diagram showing the typical EBSD comptm@tumphreys
and Hatherly 2004).

Briefly, the technique is based on acquisitionddfraction patterns from the flat
surface of a specimen. To obtain an EBSD diffracpattern, a stationary beam of
electrons is sited on the specimen in an SEM. Batexed electrons diffract at
crystal lattice planes within the probe volume, arding to Bragg's law. Since
diffraction of the elastically scattered electrahsough the Bragg angle is occurring
in all directions, the result is a cone which appeas almost straight line when
intersecting the phosphor screen where the Kikliobs are formed (Figure 3.5).
The whole EBSD Kikuchi pattern consists of pairpafallel lines where each pair is
known as a Kikuchi band. These bands, which arleated on a phosphor screen,
are viewed with a low-light video camera. Each Kikuband is effectively the trace
of the plane from which it is formed. The fractiohdiffracted backscatter electrons
which are able to escape from the specimen suifaceaximised by tilting the
specimen so that it makes a small angle with tikermng electron beam (typically

20°).

Incident Phosphor

electron beam

SCTEE}H

Figure 3.5: Origin of Kikuchi lines (Schwartet al 2000).
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The EBSD technique was conducted on the as-tofladially recrystallised and
fully recrystallised specimens using the CamScarXikta FEI-Sirion and Philips
XL-30 FEGSEM microscopes equipped with Channel SSBBacquisition software
by HKL. In this study, this technique was used daentation and texture analysis
and, to some extent, quantifying the volume fractiof recrystallisation. The
working distance ranged from 13 to 27 mm dependmghe microscope used while
the accelerating voltage and the sample tilt waspect to the electron beam were
always 20 KeV and PQrespectively. The Philips XL-30 was mainly used ligh
magnification microtexture analysis (i.e. 6000x)il@hthe others were used for

macrotexture analysis with low magnification.
3.6.2.1.1Sample Preparation for EBSD

Sample preparation is one of the most importagssfor optimum EBSD analysis.
The sample surface must be very flat, free fronrideind deposits and have as little
surface deformation as possible. The steps fodgrghand polishing followed the
same sequence as the preparation for optical noigpys Then, the samples were
etched lightly with 2% Nital to remove any residsatface deformation. After that,
the samples were repolished on a:diamond pad to remove the etched layer. The
final polishing procedure was carried out usingoaide suspension for around 3
minutes. In some cases (specially with the HSLAI}tehe samples were electro-
polished using a solution of 8% perchloric acid &% acetic acid at around 50

volts for 50 seconds at room temperature.
3.6.2.1.2EBSD Data Analysis

The EBSD data processing was mainly carried sutiguVMAP V.8, an in-house
software developed by Humphreys (1999). This softwes able to produce
orientation maps using the three Euler angle calguscheme. It has several features
for the quantitative analysis of microstructuresluding misorientation statistics,
boundary statistics and orientation representabypipole figures. The local texture
determination from the EBSD technique was obtaingidg a coarser step size and
covering a larger area compared to the EBSD measnte for microstructure
investigation. The texture measurement was donegubextan Il software, an in-
house software developed by Bate (1990). This swéws able to calculate and
generate pole figures and orientation distribufiemctions (ODFs) from the EBSD
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data. For the texture analysis of certain grougrains (e.g. recrystallised grains),
HKL Channel 5 software (HKL Technology 2001) wasdis

3.6.2.2In-SituEBSD

In order to more clearly identify the nucleatigites and, particularly, the location
of the nucleation events within the deformation eom@mround the particles and to
characterise the misorientation associated withingoloundariesin-situ annealing
treatments have been performed within the scanalagtron microscope, during
which the orientation of the growing grains andtl¢ir environment have been
recorded. Generallyn-situ observations have the advantage of evaluatingeseigii
microstructural changes and directly relating tieéodned and recrystallised states.
Figure 3.6 shows the hot stage used in this experisnin which the main
components are identified. The heating element wfa¥anthal wire having a
resistance of about ~45 It was wound onto an alumina tube. A cylindribalat
shield, made of stainless steel, surrounded thiehaad covered the top of the stage
except a small area which allowed the electron biahit the sample and the EBSD
pattern to be emitted. The stage was mounted oalaminium base with three
2.5mm diameter titanium alloy legs. The sample fweesd by graphite cement to a
carbon disk of diameter 8mm and 1mm thickness whels close to the heating
element. A chromel-alumel (K type) thermocouple Wasated at the centre of the
carbon disk to allow an accurate measure of thegpéeature. The hot stage was then
inserted in the CamScan MaXim FEG-SEM whereihgitu experiment was carried
out. A series of EBSD maps were taken during ammgdb allow a study of the
texture development, specially the PSN effect atute.
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Figure 3.6: Photo of the hot stage used for thesitu SEM/EBSD experiment and

the main components are labled.

Three HSLA steel samples with different redudidne. two 50% and one 70%
reduction) were used in this-situ experiment. Small samples of about 5x4 mm
with a thickness of 2mm were cut from the trans¥ersoss section of the rolled
material. Then, they were ground and polished Yalg the same sequence as for
the preparation for optical microscopy until a Kmess of less than 1mm for all the
samples was achieved. The samples were than efmlishhed using a solution of
8% perchloric acid and 92% acetic acid at around/d@d@s for 50 seconds at room
temperature. The sample description and the opeadtconditions are explained in
Table 3.3. The experimental conditions were, to es@xtent, similar to the static
EBSD except for the reduction of time required fé&ta collection which has a

subsequent effect on the data produced.

Table 3.3: Operational conditions for the different samplegdugor thein-situ
SEM/EBSD.

Material Mapping area | Step size | Acquisition time Heating temp.
(um?) (Hm) (min) (*C)

HSLA 70% 40 x 30 0.2 ~10 500-575

HSLA 50% 35x30 0.15 ~15 500-580

HSLA 50% 30x 25 0.1 ~25 500-530
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3.6.2.3Energy Dispersive X-ray Spectrometry Analysis (E[@X)SEM

Energy Dispersive X-ray (EDX) analysis was cafraat using the X-ray detector
in the SEM in order to characterise the compositbrthe second phase particles
present in the steels. The EDX system works byyairaj the energy of X-rays
emitted from the sample, which are characteristithe element from which they
have been produced. To stimulate the emission afacheristic X-rays from a
specimen, a high energy beam of charged partisies as electrons, is focused onto
the sample. At rest, an atom within the sample aostground state (or unexcited)
electrons in discrete energy levels or electronllsi®und to the nucleus. The
incident beam may excite an electron in an inn&llskjecting it from the shell
while creating an electron hole where the electkas. An electron from an outer,
higher-energy shell then fills the hole, and th#edence in energy between the
higher-energy shell and the lower energy shell imayeleased in the form of an X-
ray. The number and energy of the X-rays emittethfa specimen can be measured
by an energy dispersive spectrometer. As the er@rthye X-rays is characteristic of
the difference in energy between the two shelld, ainthe atomic structure of the
element from which they were emitted, this allolws eélemental composition of the

specimen to be measured.

The sample preparation for EDX examination wasfas optical microscopy
(described in Section 2.4.1.1). EDX analysis wasi@é out on an XL30 FEG-SEM
operating at a voltage of 20 KeV and spot size @dantax software was used to

analyze the data acquired from the second phaselesr
3.6.3 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) uses ahhanergy electron beam to
image and analyse the microstructure with atomatesesolution. Unlike the SEM,
the TEM electrons are transmitted through the samp$tead of capturing the
secondary and backscattered electrons near theceuifhe main factor causing the

high spatial resolution in the TEM is the small wkangth of the electrons used.

The bright field / dark field imaging modes ofetlmicroscope, which operate at
intermediate magnification, combined with electriffraction are invaluable and
can be used to show structural, crystallographid aompositional information

relating to very specific areas of the sample.
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Sample preparation for TEM generally requires eniime and experience than for
most other characterization techniques. A pieceanént material, approximately 30
mm x 15 mm and 10 mm thick, was cut where the tavgd faces are parallel and
flat. Discs with 3 mm diameter were cut from thedi using electrical discharge
machining. Each of these was mechanically grouralttuockness of 100 um prior to

electropolishing.

The as-ground discs were thinned until electrangparent using a twin-jet
Tenupol electropolishing machine containing 5% blenic acid in ethanol. The
temperature for the solution was maintained at ab®¥C using liquid nitrogen.
After electropolishing, all foils were washed thoghly in methanol and stored to
prevent oxidation. All the TEM investigation wasrfoemed using an FEI Tecnai
F30 FEG TEM at an accelerating voltage of 300 kV.

3.6.4 Texture Analysis by X-ray Diffraction (XRD)

The texture, in X-ray diffraction analysis, istelenined from a set of pole figures.
These pole figures are measured by the Schulz tedigction technique (Schulz
1949) where the intensity distribution of a sin(i&l) reflection is recorded by tilting
and rotating the sample over the orientation sphierethis way, the orientation
distribution of a single reflection, and thus forsmgle lattice plane type, is
determined. When a set of pole figures for indepandrystal orientations has been
measured, the orientation distribution function @UDof the crystallites can be

calculated.

In this study, the texture of the cold rolled afdly annealed samples was
determined by XRD from the central region of RD-$Bctions using a Philips X-
pert system. Specimens examined were sectione@x@02mm slices. The steps for
grinding and polishing followed the same sequerxeha preparation for optical

microscopy. The samples were then lightly etche2PinNital.

Samples were examined with Ca Kadiation and 110, 200 and 211 incomplete
pole figures were generated using a step sfzéobintensity measurement. The
intensity values of the measured pole figures veemrenected for background level

and defocusing.
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Chapter 4
RESULTS

4.1 Microstructural Characterisation

Figure 4.1a shows the microstructure of the asived IF steel sample taken from
the central region of the sample thickness. Thigur@ reveals a typically
recrystallised structure with an average grain sofe about 45um.  The
microstructure of the as-received HSLA can be sedfigure 4.1b which shows a
mixture of equiaxed and acicular ferrite with a bahal grain size distribution where
smaller equiaxed grains surround the larger adicglains. The average prior
austenite grain size for the HSLA steel is aboBuirth. The microstructures of both

steels were uniform throughout the sample thickness

(a) (b)
Figure 4.1: Microstructure of the as-received samples of (egtéel and (b) HSLA

steel.
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In the case of HSLA steel, initial heat treatmeras carried out to produce a
spheroidised cementite structure. The heat tredtmate applied is schematically
illustrated in Figure 3.1 and discussed in Sec8dh Figure 4.2a and b show the
microstructures after different heat treatment stehile Figure 4.3 shows the final
microstructure used in this study after completthg necessary heat treatment.
Pearlite colonies or particles are formed, usuatiythe ferrite grain boundaries. The

particles’ volume fraction were measured to be &al#fl~ 24% with an average

diameter of um.

() (b)

Figure 4.2: Microstructure of the as-received HSLA samplesrdfg heating at
1250C then water quenched (b) Reheating af@4%en water quenched.
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Figure 4.3: Microstructures of the as-received HSLA sampleraftenpleting the
heat treatment; (a) SEM image showing the sizedsstdbution of the particles, and
(b) at higher magnification showing the pearlitature of the particles.
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In addition, EDX analysis of the inclusions pmsen the HSLA steel was done.
The main type of inclusion was found to be the M&8&mne small NbC patrticles were

also found. The EDX spectrum and the SEM imageabefinclusions in the HSLA

steel are shown in Figure 4.4.
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Figure 4.4: SEM-EDX analysis of the HSLA steel inclusions afteat treatment.
(@) MnS and (b) NbC.
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4.2 Microstructures of As-Rolled Material

In this study, both steels were cold rolled wuetions of 20%, 50%, 70% and 90%.
The effect of different reductions on the microstae can be seen in Figure 4.5 and
Figure 4.6 for the IF and HSLA steel, respectivelyhese figures show that the
grains became more elongated along the rollingctime as the reduction level
increases. Also, evidence of deformation featuresh sas deformation bands and
shear bands (especially at 20% reduction) are lglsaen in Figure 4.7 for the IF
steel. This figure shows the presence of in-grhgms bands in some grains inclined
at an angle of 35°to rolling direction. Fracture of the particles the HSLA steel
occurred due to stress concentration during rallimgich led to the formation of
fragments of various sizes and morphologies.

(d)
Figure 4.5: Transverse cross section microstructures of asivred IF steel sample
rolled to (a) 20%, (b) 50%, (c) 70% and (d) 90%.
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Figure 4.6: SEM images showing transverse cross section ntractsres of HSLA
steel sample rolled to (a) 20%, (b) 50%, (c) 70% @) 90%.

Figure 4.7:20% cold rolled IF steel sample showing the preserién-grain shear

bands in some grains.
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In order to determine the cell morphology andrthisorientation between the cells
of the deformed samples with higher accuracy apéaally to take a closer look at
the continuous orientation gradients, TEM invediages were carried out. Figure
4.8a shows the formation of cell and subgrain stimes of a 50% cold rolled HSLA
sample. This inhomogeneous distribution of theodistions is a result of dynamic
recovery. The size and misorientation of the adi¢gain structure are dependent on
the grain orientation as can be seen in Figure. 4L8ls figure shows two different
grains where the size of the subgrains is differ€he elongated subgrains (grain A)
are separated by much sharper boundaries thantitiee grain (grain B) which
indicate higher misorientations between neighbausobgrains and, hence, higher

stored energy.

Figure 4.8:Bright field TEM image of the HSLA steel rolled 5% showing (a)

the formation of cell/subgrain structure and (8 éffect of grain orientation on the

size and misorientation of the cell/subgrain strcet
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The presence of pearlitic particles in HSLA steehused large strain
inhomogeneities during deformation. These partickeste high density dislocation
zones (i.e. particle deformation zone) around tlsman be seen in Figure 4.9. This
figure shows clearly the effect of the particletbe dislocation structure where the
dislocation cell size close to the particle-mairiterface is found to be very small.
These zones are expected to act as recrystalhsatioleation sites and to accelerate

the recrystallisation process.

Figure 4.9:Bright field TEM image showing the effect of therfagle on the
dislocation structure on 50% cold rolled HSLA steel

Deformation and Recrystallisation in Low Carbonefite 104



4.3 Hardness Measurements

The hardness of the samples after various stafgedd rolling and subsequent heat
treatment were measured, except for the 90% remudk steel sample where the
macrohardness measurements were difficult to obdmie to the small sample

thickness.

Figure 4.10a shows the hardness of both HSLAIBRmteel samples after various
stages of cold rolling. From this figure it can $®en that as the level of reduction
increases the hardness increases due to the iacheathe dislocation density.
Moreover, the interactions between the particlesthe dislocations involved in the
deformation of HSLA steel are responsible for theager increase in hardness

compared with the IF steel.
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Figure 4.10: Macrohardness measurements of the (a) as rolikdoamaterial fully

annealed after rolling.

In addition, the hardness of the fully annealachigles for every stage of reduction
is given in Figure 4.10b. This was measured proany significant grain growth
occurred in the material and is shown, particulamnlyF steel, to be not affected by
the degree of reduction. However, the increaseairdriess observed in the fully
annealed samples of HSLA steel with increasing c¢gdun is associated with the

dissolution of the pearlitic particles during animeg
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4.4 Recrystallisation Kinetics

4.4.1 Recrystallisation Kinetics using Optical Microscopy

The effect of cold rolling degree and annealingnet and temperature on
recrystallisation kinetics were investigated insthstudy mainly using optical
metallography. A full list of figures related toettannealing process for all different
reductions of both steels has been included in AgpeB. Figure 4.11 shows the
microstructural evolution of the 70% cold rolled skeel sample annealed at 820
for different time intervals. These are partialgcrystallised microstructures where
the recrystallisation fraction increases with irgieg annealing time. The preferred
nucleation sites for this steel were the grain lolawies, due to the small original
grain size. “Strain-free” grains formed at sheands were rarely found and they

mainly in the low reduction (i.e. 20%) material.

(@) | W

(© (d)

Figure 4.11:1F steel sample cold rolled to 70% and anneal&2&C for (a) 2 hrs,
(b) 7hrs, (c) 10 hrs and (d) 15 hrs.
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Figure 4.12 shows the microstructural evolutidbthe 70% cold rolled HSLA steel
sample annealed at 5 for different time intervals. The preferred natlen sites
were the pearlitic particles. There was no evideoicany other nucleation sites as
can be seen in Figure 4.13a-b. The reasons behatdhate the low recrystallisation

temperature and the high volume fraction of theiglas.

Figure 4.12:HSLA steel sample cold rolled to 70% and anneategDCC for
(@) 2 hrs, (b) 7hrs, (c) 16 hrs and (d) 24 hrs.
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Figure 4.13:HSLA steel sample cold rolled to 70% and annetiedD%
recrystallisation showing the locations of the eu¢h) at low magnification and (b)

at higher magnification.
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The recrystallisation kinetics for different aatieg temperatures and cold rolling
reductions are shown in Figure 4.14a-d for IF steel Figure 4.15a-d for HSLA
steel. The aim was to have full recrystallisation &ll four degrees of reductions
within one day. This means decreasing the anneaéimgperature as the level of
reduction increases. The same figures (Figure 4dldd Figure 4.15a-d) also show
the influence of annealing process on the hardriegss observed that the hardness

of the materials decreases with increasing theyseadfisation fraction.

130 100 160 100
125+ 90 & 150 - F90 &
120 - 80 15 140 - 80 15
g 1151 r70 F g \ r70 8
= 110- F60 g 1307 60 g
& 1051 -50 2 ¢ 1201 -50 2
° R B 8 o | o
S 100 40 © 2 110 40 g
I 95 30 < T 30 ¢
2 100 ke)
90 -20 G 20 G
] o 90 o
85 A F 10 T v 10 [T
80 T T T T T 0 80 + T T T T T O
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Annealing Time (Hr) Annealing Time (Hr)
(b)
100
175 g s 90/
155 S § 891
5 1351 g L 601
4 > 5 50
'g 8 E 40 -
S 1151 @ 2
= § g 30|
95 + ‘g ? 20 4
_ i € 101
75 + T T T T T 0 0
0O 4 8 12 16 20 24 0 4 8 12 16 20 24
Annealing Time (Hr) Annealing Time (Hr)
(c) (d)

Figure 4.14:Effect of annealing temperature and rolling redution the kinetics of
recrystallisation in IF steel. (a) 20% reductiomealed at 6T, (b) 50% reduction
annealed at 641, (c) 70% reduction annealed at 82&nd (d) 90% reduction

annealed at 62C.
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Figure 4.15: Effect of annealing temperature and rolling redurcbn the kinetics of
recrystallisation in HSLA steel. (a) 20% reductammealed at 56C, (b) 50%
reduction annealed at 580, (c) 70% reduction annealed at 80&nd (d) 90%

reduction annealed at 5@
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An example of the effect of annealing temperaturerecrystallisation is given in
Figure 4.16a for 50% cold rolled IF steel and igufe 4.16b for 20% cold rolled
HSLA steel. Both figures show that a higher anmgpliemperature results in a
higher rate of recrystallisation. In addition teetkffect of annealing temperature,
Figure 4.17a-b show the effect of the degree ofl golling on recrystallisation
during annealing at 62G and 508C for IF and HSLA steel, respectively. All of
these figures show that the rate of recrystallisatincreases with increasing

annealing temperature and cold rolling reduction.
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Figure 4.16: Effect of annealing temperature on the kineticeeofystallisation in
(a) 50% cold rolled IF steel and (b) 20% cold roll4SLA steel.
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Figure 4.17: Effect of cold rolling reduction on the kinetickrecrystallisation
during annealing at (a) 620 for IF steel and (b) 50C for HSLA steel.
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4.4.2 JMAK Modelling

The kinetics of recrystallisation, obtained instlstudy by using mainly optical
microscopy, can be used to obtain a JMAK-type i@bahip between fraction
recrystallised (X,) and time for annealing)( A linear plot between In[In{1/(2%,)}]
and In€) can be used to obtain the values for JIMAK expbneand the parameter B.
Figure 4.18a-c and Figure 4.19a-b show this typelatf (known as JMAK plot) for

the four different cold reductions, each with itgnoannealing temperature for the IF

and HSLA steels, respectively. In addition, theresponding JMAK exponemtand
the parameter B are given in Table 4.1 for all fdifferent levels of reduction for

both steels.
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Figure 4.18:JMAK plots of recrystallisation kinetics (showitige trend line with its
formula) for IF steel for (a) 20% reduction anneladé 696C, (b) 50% reduction

annealed at 64, (c) 70% and 90% reductions annealed at@20
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Figure 4.19: IMAK plots of recrystallisation kinetics (showitige trend line with its
formula) for HSLA steel for (a) 50%, 70% and 90%uetions annealed at 5T
(b) 20% reduction annealed at 860

Table 4.1: IMAK exponent n, the parameter B and the data tdexifrom a straight

line (RP-value) determined for the various levels of reiuctwith different

annealing temperature for both steels.

Material Reduction % @ Anneal. Temp n B R?
20% @ 696C 1.3918 0.07062 0.89
I 50% @ 640C 1.6893 0.009753 0.96
70% @ 620C 1.9787 0.007094 0.97
90% @ 620C 1.987 0.01199 0.92
20% @ 560C 1.6575 0.02881 0.94
50% @ 500C 1.5903 0.004876 0.94
HSLA
70% @ 500C 1.9581 0.005955 0.99
90% @ 500C 2.0652 0.009522 0.94
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Plots for comparison of recrystallisation kinst&s obtained from original optical
microscopy data and from JMAK analysis of this dzda be seen in Figure 4.20a-d
and Figure 4.21a-d for IF and HSLA steels, respebti Both methods show similar
recrystallisation kinetics behaviour for all fowductions.
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Figure 4.20: Comparison of recrystallisation kinetics obtairfienn optical

microscopy (points) and from JMAK model fittingr(&) for IF steel for (a) 20%
reduction annealed at 640) (b) 50% reduction annealed at 6&0 (c) 70%

reduction annealed at 6ZDand (d) 90% reduction annealed at%20
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Figure 4.21: Comparison of recrystallisation kinetics obtairfexn optical

microscopy (points) and from JMAK model fittingr(&) for HSLA steel for (a) 20%

reduction annealed at 580 (b) 50% reduction annealed at 500 (c) 70%
reduction annealed at 5 and (d) 90% reduction annealed at%00
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4.4.3 Quantifying Recrystallisation by EBSD

The recrystallised fraction was determined in sqartially recrystallised samples
using EBSD with the help of VMAP and HKL Channet&tware. The results were
compared with the results from optical microscopy.

An example of a partially recrystallised samglgiven in Figure 4.22a, with Figure
4.22b showing the recrystallised grains (greenomg)i as characterised by the
VMAP software. The new (recrystallised) grains weedined as grains bounded by
at least 60% high angle grain boundary (HAGB) veitkize of at least twice the size
of non-HAGB subgrains. The volume fraction of restgflisation in this sample
characterised by EBSD is 16% compared with a 12&b6yseallisation fraction
measured by optical microscopy.

; TS

(b)
Figure 4.22:EBSD micrograph showing 70% cold rolled IF stewi@aled at 62T

for 4 hours. (a) raw micrograph, (b) after recrijisation analysis showing the

recrystallised grains as green regions.
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Another example of using EBSD to measure theystallisation fraction is given in
Figure 4.23. This figure shows the microstructufec@% cold rolled HSLA steel
annealed at 56Q for 10 hours. The recrystallisation fraction wealculated by
defining the recrystallised grains as in the prasi@xample. The recrystallisation
fraction in this sample measured by EBSD is foumdbe 25%, so giving the same

result obtained from optical measurements.

(b)

Figure 4.23:EBSD micrograph showing 50% cold rolled HSLA staehealed at
500°C for 5 hours. (a) raw micrograph (band contrgbl) after recrystallisation
analysis showing the recrystallised grains as gregions.
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4.5 Microstructure and Texture Investigation

The cold rolling and recrystallisation microstiwe and texture of IF and HSLA
steels have been investigated in this study usiagdchniques described in Chapter
3. To clarify the possible mechanisms of recrysafion texture formation, a
detailed investigation was carried out. Particuldtention was given to the
orientation of certain grains, especially thoseatedl to the Particle Stimulated

Nucleation (PSN) mechanism of recrystallisation.
4.5.1 Cold Rolling Texture

The cold rolling texture for 20%, 50%, 70% and&®6old rolling reductions of the
IF and HSLA steels were measured using EBSD andlaye/n in Figure 4.24 and
Figure 4.25, respectively. The texture for bothelsteis shown to be largely
dependent on the rolling reduction. With increasioling reduction, the texture
shows gradual intensification of andy-fibore components. However, the intensity
of both fibres is weaker in the HSLA steel.

(b)
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Figure 4.24:Textures of IF steel (OD§,=45" sections) cold rolled (a) 20%, (b)
50%, (c) 70% and (d) 90%.
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Figure 4.25: Textures of HSLA steel (OD§,=45" sections) cold rolled (a) 20%, (b)
50%, (c) 70% and (d) 90%.

The orientation density along andy-fibres after several cold rolling reductions
can be seen in Figure 4.26 for the IF steel andrEid.27 for the HSLA steel. A
higher orientation density along tlefibre in the IF steel compared to the HSLA

steel was observed, except for 90% reduction wtieree is a sharp increase in the

(OOl)[JfLO] texture component in the HSLA steel. A strongkpeccurs at (111)ﬂ]0]

is also observed with high reduction (i.e. 90%)the IF steel. In general, the
densities obi-fibre texture components steadily increase wittreasing reduction in
both steels. On the other hand, the orientatiorsitlea along the-fibre are quite
uniformly distributed. High orientation density atpthis fibre is observed after 90%

reduction in the IF steel compared with the othedluctions, where the texture

changes are similar. A peak occurring at (115)11is observed with 50% reduction.

HSLA steel shows a uniform distribution of the t&et components along thefibre
for 90% reduction whereas the 50% and 70% show daytsities of (111)[1 1] and
(111)[112] texture components.
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Figure 4.26: Orientation density along (a}fibre and (b)y-fibre, for IF steel after

cold rolling reductions of 20%, 50%, 70% and 90%.
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Figure 4.27:Orientation density along (a}fibre and (b)y-fibre, for HSLA steel

after cold rolling reductions of 20%, 50%, 70% &@d6.
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In order to understand the recrystallisation b&ha, it is important to see how the
dislocations are distributed in regions of diffaréexture components. Figure 4.28a
shows an EBSD image (band contrast) of 50% redudd8LA steel with Figure
4.28 b and c showing the orientations of the caitctgains showing that their
orientations are closed to {hkl}<110> and {111}<uwwespectively.
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Figure 4.28:(a) EBSD image (band contrast) of HSLA steel &@%o reduction.
The orientation of the two circled regions are give (b) and (c) a$,=45" section

of Euler space.
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Figure 4.29 shows the misorientation profilesngld&RD in a- andy-fibre grains
after 50% reduction (areas circled in Figure 4.28d&e figures show clearly that
large misorientations exist in deformedibre grains which means a higher stored
energy and, hence, a higher recrystallisation iatelikely during annealing.
Moreover, Figure 4.29a points out the typical prtipe of a-fibre orientations. The
misorientation between neighbouring points of theasurements (i.e. point to point
misorientation) is always less tharf $ these areas, but the misorientations
accumulate over longer distances (i.e. point tgiorimisorientations) to f4over a
distance of 26um. On the other hand, much highesomngntations between
neighbouring measurement points can be foundfibre deformed grains. However,

the misorientations do not seem to accumulatefibre orientations.
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Figure 4.29:Misorientation profiles of HSLA in (a)- and (b)y-fibre deformed
grains along RD after 50% reduction. Relative (ptorpoint) and cumulative (point

to origin) misorientations are shown.
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4.5.2 Investigation of the Deformation Zones by TEM

The effect of pearlitic particles on the developimeh microstructure and rolling
textures in HSLA steel has been investigated iaibey using both EBSD and TEM.
The presence of such particles caused large stir@iomogeneities during
deformation which create high dislocation densibynes (i.e. particle deformation
zones) around them. The local deformation and thentation changes induced
around them were investigated using TEM and seleatea diffraction patterns, as
shown in Figure 4.30. The selected area electrdinadiion patterns show the

orientation spread within the deformation zone.

Figure 4.30:Bright field TEM image showing the orientation spdewithin the

deformation zone around a particle cold rolled 38ftising selected area diffraction

patterns (the selected areas are magnified).
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In addition, the variation of orientation withihe deformation zone and the matrix
around the same particle is shown in Figure 4.310] selected area electron
diffraction patterns obtained in this region shoveeasiderable arcs, especially on
the vicinity of the particle (i.e. selected areaand b in Figure 4.31), and they often
contained more than two orientations, indicating thresence of severe local

deformation in these areas where the minimum digioe cell size is found.

Figure 4.31:The variation of orientation within the deformatipone and in the
matrix around a particle in HSLA steel cold rolle@% (dashed line indicates the

particle edge).
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4.5.3 Investigation of the Deformation Zones by EBSD

The recent development of high resolution EBSB @aabled the features of the
deformation zones near particles to be determiRigalire 4.32 shows the orientation
spread within a small volume adjacent to a partislech was measured and
represented by 100 pole figures. These pole figsinesv also rotations with respect
to the surrounding matrix about the transversectior. Figure 4.33 shows clearly
these local lattice rotations of the matrix adjadera particle which occur to reduce
the deformation incompatibilities. The misoriendatichanges in the vicinity of the
particle were also shown in this figure where theximum rotation was found to be
close to the particle-matrix interface. In this exde, the observed rotation with
respect to the deformed matrix reaches a value ofenthan 2% This large
misorientation in the vicinity of the particle (i.earticle deformation zone) indicates
high local concentration of stored energy, and ¢huos indicate favourable

nucleation site during annealing.

Figure 4.32:EBSD map showing 70% cold rolled HSLA steel with #ttached 100

pole figures showing the orientation spread ardhedselected particles.
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Figure 4.33:(a) EBSD map (band contrast) of the highly misdedrregions
adjacent to the particle, (b) and (c) showing therdation (using a 100 pole figure)

and misorientation changes along the dashed kspgectively.

4.5.4 Microstructure & Texture Evolution During Recrystal lisation

In light of the observations reported in Sectibd, the microstructure and texture
evolution of cold rolled IF and HSLA steels duritige process of recrystallisation
were examined in more details using EBSD. The taitens of certain recrystallised
grains, especially those related to the PSN meshgnare of particular interest in

this study and have been investigated in detalil.

Figure 4.34 shows the microstructural evolutidntiee 70% cold rolled IF steel
sample annealed at 6ZDfor different time intervals. Figure 4.34b shoavpartially
recrystallised microstructure where the recrystation fraction is low. In this figure,
colonies of recrystallised grains have been obskindicating an oriented nucleation
process is taking place. An example of the SIBM maatsm is also shown. This
mechanism was rarely found. Figure 4.34c showstheatecrystallisation fraction is

increased with increasing annealing time.
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Figure 4.34:(a) EBSD map showing an IF steel sample cold rdietl0% and (b)
and (c) same sample annealed at’620r 4 hrs and 24hrs, respectively. The
selected area in (b) shows an example of SIBM.

Nucleation of recrystallised grains in HSLA steelcurs mostly in the deformed
zones developed around the particles during cdlthgp as can be seen in Figure
4.35-36. In both figures, the “new grains” or nu@ee characterised by a relatively
high image quality (high brightness) and are surdea by high angle grain
boundaries. The selected grains in Figure 4.35 lwlae formed at a row of
fragmented particles seem to have grown locall: (vithin the deformation zone)
and then impinged with each other. The orientatmfrthese grains indicate that they
are not randomly nucleated. They seem to expezienbarrier to further growth

after consuming the deformation zone due to theedee in driving force.
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Figure 4.35:EBSD map showing recrystallisation originated, musfferentially, in
the deformation zones close to the particles in €0% rolled HSLA annealed at
500°C. (a) Band contrast and (b) Euler colour map withstandard 100 pole figures

showing the orientation of the selected recrystadligrains.

@ (b)

Figure 4.36:EBSD map showing another example of particle stat@a nucleation

of recrystallisation in annealed HSLA steel coltdad to 50%. (a) Band contrast and
(b) Euler colour map.
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Figure 4.37 shows the effect of the total reducton the grain size of the fully
recrystallised samples of both steels. As expediesl,grain size decreases with
increasing reduction as a result of the higherest@nergy with large reductions and,
hence, a higher nucleation rate.
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Figure 4.37:Effect of reduction on the grain size of fully aafed samples of the IF

and HSLA steels.

For each partially recrystallised sample, datamfrthe unrecrystallised and
recrystallised regions were separated and the tmgutexture measurements,
presented a$,=45" sections of Euler space, are shown in Figure 438Figure
4.38-41 show IF steel samples with recrystallisafractions of 17% and 82% with
50% reduction and 12% and 88% with 70% reductioguré 4.42-45, on the other
hand, show HSLA steel samples with recrystallisafraction of 24% and 90% with
50% reduction and 16% and 91% with 70% reductidhEBSD maps attached to
these figures show only the recrystallised grainsthe case of IF steel, the early
nucleation textures (identified as nucleation textwhen the recrystallised volume
fraction is about 15%) of both reductions show hjgfibre intensity, indicating that
recrystallisation commences in the as deformétre oriented grains. The degree of
intensity increases with increasing reductions. tha other hand, thes-fibre

intensity increases in the unrecrystallised regiomgh an increase of the

recrystallisation fractions. It increases from (f110], (223)[110], (112)[110] to
(001)<110>, indicating that the stored energy isheffollowing order: ko> Ej11 >
E112 > Eioo as described by Dillamowet al. (1972). The HSLA steel shows, to some
extent, similar behaviour to that of the IF stedthough the texture intensity was
lower. Despite the dominance of PSN in this stded, nucleation textures of both

reductions show the presence of the cold rolledpmrants of both- andy-fibres,
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indicating that the PSN nuclei are not randomlyeted even if the orientation
spread of the nuclei is high. With increasing retatllisation fraction, both fibres
occur with weaker intensity. The texture of theaanystallised regions show that the
intensities of botha- and y-fibres increase with increasing the recrystalicsat
fraction, with the intensity od-fibre being slightly higher.
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Figure 4.38:(a) EBSD map showing the recrystallised grains@86=old rolled IF
steel annealed to 17% recrystallisation. (b) Textfrthe unrecrystallised region
(Max = 7.31). (c) Texture of the recrystallisedicgg(Max = 5.0)

fa=45°

a0

o o A w N P

a0°

Figure 4.39:(a) EBSD map showing the recrystallised grainsG8f6=old rolled IF
steel annealed to 82% recrystallisation. (b) Textfrthe unrecrystallised region
(Max = 14.5). (c) Texture of the recrystallisedicgg(Max = 6.31)

Deformation and Recrystallisation in Low Carbonefite 129



fa=45°

W N U A WN R

©ONOUTE W N

xN s ¢ T el
- = -
. ad B

I = 1 010 i M ap2: Step=0.7 prn: GridS00x400

Figure 4.40:(a) EBSD map showing the recrystallised grainsG86old rolled IF
steel annealed to 12% recrystallisation. (b) Textfrthe unrecrystallised region
(Max = 8.1). (c) Texture of the recrystallised mg(Max = 13.1)
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Figure 4.41:(a) EBSD map showing the recrystallised grainsG8f6old rolled IF
steel annealed to 88% recrystallisation. (b) Textfrthe unrecrystallised region
(Max =12.8). (c) Texture of the recrystallised m@g(Max = 10.8)
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Figure 4.42:(a) EBSD map showing the recrystallised grainsG8b=old rolled
HSLA steel annealed to 24% recrystallisation. (bxtlire of the unrecrystallised
region (Max = 4.73). (c) Texture of the recrystall region (Max = 4.71)
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Figure 4.43:(a) EBSD map showing the recrystallised grains@86=old rolled
HSLA steel annealed to 90% recrystallisation. (bxtlire of the unrecrystallised
region (Max = 6.68). (c) Texture of the recrystall region (Max = 2.55)

Deformation and Recrystallisation in Low Carbonefite 131



fiz=45"

R - 1" 12 3; Step=1L6 jm; Grid350:260

Figure 4.44:(a) EBSD map showing the recrystallised grainsG86€old rolled
HSLA steel annealed to 16% recrystallisation. (bxtlire of the unrecrystallised
region (Max = 4.67). (c) Texture of the recrystall region (Max = 2.32)
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Figure 4.45:(a) EBSD map showing the recrystallised grainsG8b€old rolled
HSLA steel annealed to 91% recrystallisation. (bxtlire of the unrecrystallised
region (Max = 9.66). (c) Texture of the recrystall region (Max = 1.98)
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4.5.5 Recrystallisation Texture after Fully Annealing

The recrystallisation texture for each of the 2@%%, 70% and 90% cold rolling
reductions of the IF and HSLA steels after fullyhaaling were measured and can be
seen in Figure 4.46 and Figure 4.47, respectivEie recrystallisation texture for
both steels is shown to be largely dependent onallieg reduction. With increasing
rolling reduction, the recrystallisation textureosls a gradual intensification of
andy-fibre components. However, the intensity of babirds is lower in the HSLA

steel, as a result of the PSN in this steel.
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Figure 4.46:Textures of fully annealed IF steel (Op=45 sections) cold rolled
(a) 20%, (b) 50%, (c) 70% and (d) 90%.
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Figure 4.47:Textures of fully annealed HSLA steel (OBp=45 sections) cold
rolled (a) 20%, (b) 50%, (c) 70% and (d) 90%.

The orientation density along andy-fibres after different cold rolling reductions
is shown in Figure 4.48 for the IF steel and Figdré9 for the HSLA steel. In
general, higher orientation densities along bobre is observed in the IF steel
compared to the HSLA steel. A strong peak occutéEt)[110] for all reductions in
the IF steel, except for the 20% reduction. Thigkpécreases with increasing
reduction. The weaker density is observed in (]Iﬂ(I)I for all reductions. On the
other hand, low orientation density is observethanHSLA along the-fibre with a
relatively high peak at (001)1_!_'0] for 90% reduction and a low density at (11(1)]2].

for all reductions.

The orientation density along thefibre in the IF steel increases with increasing
reduction. It is found to be quite uniformly disuted after 70% reduction. On the

other hand, the HSLA steel shows low densities @lthre y-fibre, with a slight
increase with increasing reduction. Peaks occuraingl11)[121] and (111)112]

are observed with 90% reduction.
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Figure 4.48: Orientation density along (a}fibre and (b)y-fibre, for fully annealed

IF steel after cold rolling reductions of 20%, 5020% and 90%.
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Figure 4.49: Orientation density along (a}fibre and (b)y-fibre, for fully annealed

HSLA steel after cold rolling reductions of 20%.96070% and 90%.
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Grain boundary misorientation histograms of theahd HSLA steels for all the
reductions are shown in Figure 4.50 and Figure,4dspectively. Each figure shows
a comparison between the misorientation distriloutd the as-rolled (blue) and the
fully-annealed (red) samples for each degree ofiakoh. A clear development of
LAGB’s to HAGB’s during annealing in all samplesncéde detected in these
misorientation histograms. Moreover, Figure 4.52v&h the maximum orientation
intensity for as-rolled and fully annealed sampdédoth steels. It shows that the
maximum intensity increases, in general, with iasreg the rolling reduction. It is
also observed that the maximum intensity for theodled HSLA steel is much

higher than that of the annealed one.
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Figure 4.50:Histograms showing comparison between the mis@imemt angle
distribution of the as-rolled and the fully anneblE steel samples cold rolled to (a)
20%, (b) 50%, (c) 70% and (d) 90% reductions.
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Figure 4.51:Histograms showing comparison between the misairmt angle
distribution of the as-rolled and the fully annebl¢SLA steel samples cold rolled to
(@) 20%, (b) 50%, (c) 70% and (d) 90% reductions.
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Figure 4.52: Maximum orientation intensity for as-rolled andijuAnnealed IF and

HSLA steels for all reductions.
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4.5.6 Texture Measurement by XRD

In order to assess how statistically represev@dtie information obtained from the
EBSD data for HSLA steel is, the bulk textures piet by the cold rolling and

annealing processes were also evaluated by staXdeag methods. A comparison

between the texture measured by the XRD and EBSbBnigues for all reductions

for HSLA steel is shown in Figure 4.53-56. Thesgufes show also the fully

annealing texture. Texture analysis using XRD awmied out using pole figures

measurements and, for the purpose of accuracy, dheyepresented here as pole

figures since the accuracy of the calculated ODiighly affected by the number of

input pole figures, of which are only three in thése.
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Figure 4.53:Standard {110}, {200} and {211} pole figures showgrthe texture

measured by EBSD (filled) and XRD (outline only)(aj 20% reduction HSLA steel
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Figure 4.54:Standard {110}, {200} and {211} pole figures showgrthe texture
measured by EBSD (filled) and XRD (outline only)(aj 50% reduction HSLA steel

and (b) full annealing the same sample.
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Figure 4.55:Standard {110}, {200} and {211} pole figures shovgnhe texture
measured by EBSD (filled) and XRD (outline only)(aj 70% reduction HSLA steel

and (b) full annealing the same sample.
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Figure 4.56: Standard {110}, {200} and {211} pole figures showgrthe texture
measured by EBSD (filled) and XRD (outline only)(aj 90% reduction HSLA steel

and (b) full annealing the same sample.
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It is important to mention that the differencebiasic detection principles of XRD

and EBSD must be taken into account when compaeswygjts obtained by these two

technigues. The results of both XRD and EBSD mesmsents for all cases show, in

general, similar textures as can also be seen Fgure 4.57 which shows ODFs

calculated from XRD pole figure measurements. is figure, botha- andy-fibres

exist with similar intensity to those of the copeading EBSD results. This also
indicates that the texture is reasonably homogen#émough the sample thickness
since the sampling depth of the two techniques ifferdnt. However, some
variations- particularly the intensity of certaioneponents in the-fibre- can be

noticed. It should be borne in mind that these OBFfesgenerated from only three

incomplete pole figures, so at least part of thigedince between the EBSD and

XRD ODFs is likely to be due to more approximateuna of the XRD-derived

results. The differences between the surface aedbiilk caused by different

preparation methods may also account for someeo¥ahiation.
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Figure 4.57: Textures of HSLA steel (OD§,=45" sections, generated from XRD

incomplete pole figures) cold rolled (a) 70% anpdq0%.
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4.6 In-Situ EBSD Observations

In-Situ SEM-EBSD experiments are a useful tool in undeditey texture
evolution, as it provides a direct observation a€leation and growth phenomena
during recrystallisation. Three HSLA steel samphath different reductions were
used in thign-situ experiment. Sample 1 was cold rolled 70% wheraagptes 2 and
3 were cold rolled 50%. The samples history, praj@n method and operational

conditions are detailed in Section 3.5.2.2.

Figure 4.58-60 show sequential EBSD maps of sasnftl 2 and 3 in the as-
deformed condition and after holding for variousds at elevated temperature. The
pearlitic particles, present in this steel, ar® alsown in each EBSD map. They were
identified from the band contrast image of the EB®Bp and an in-house image
analysis program (described in Section 3.5.1.3) wsesl to adjust the contrast and
changing threshold colour limits of the particl&sen, the image was superimposed

on the related coloured map to show the locatiaie$e particles as black areas.

It is important to mention that the high temperat used in thesen-situ
experiments and the reduction of time requireddata collection have subsequent
negative effects on the data produced. In additiba, high magnification EBSD
mapping analysis used in these experiments (~ 3pO@kes the control of charging

and drifting of the image during EBSD acquisitionna difficult.

From the EBSD maps of Figure 4.58-60, it candenghat the preferred nucleation
sites were the pearlitic particles with no evidentany other nucleation sites. This
fact has been clearly recognised in all three sesyplvhere the areas with no
particles were the last to recrystallise. The reasbehind this are the low
recrystallisation temperature used and the higlunael fraction of particles. It has
also been found that some of the recrystalliseshgrappear to grow faster than
others. This is the case in all samples, and seerbe through an oriented growth
process where a favourable orientation relationbleiveen the recrystallised grains

and the neighbouring deformed matrix may exist.
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Figure 4.58:EBSD maps showing sequential microstructural evaiubdf sample 1
(70% reduction). (a) as-rolled condition and (lma)ing annealing at 500-575
over a total time of 6 hours.
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Figure 4.59:EBSD maps showing sequential microstructural evaubf sample 2
(50% reduction). (a) as-rolled condition and (lma)ing annealing at 500-58D
over a total time of 6 hours.
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Figure 4.60:EBSD maps showing sequential microstructural evaubf sample 3
(50% reduction). (a) as-rolled condition and (lma)ing annealing at 500-53D
over a total time of 6 hours.
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The assumption that the orientations of the iatlysed nuclei already exist in the
deformed microstructure seems applicable. Figus& ghows that more than 80% of
the orientations of the recrystallised nuclei ateady found in the deformed
microstructure for all three samples investigafBidose recrystallised nuclei where
their orientations do not exist in the deformednwstructure seem to have originated

and emerged from the interior of the sample.
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Figure 4.61:The relationship between orientations in the mairig the

recrystallised nuclei for all the samples

Figure 4.62—64(a) show a comparison between thm ¢gpoundary misorientation
distribution of the as-rolled (blue) and the fulgnealed (red) states of each one of
the three samples examined. A clear developmeniA®B’s to HAGB’s during
annealing in all samples can be observed in theserientation histograms. In
addition, Figure 4.62-64(b-c) show a comparisorwbeh the texture of the same
region before and after annealing. Despite the dande of PSN in this steel, the
recrystallisation textures were similar to the irgl textures, with the texture

components being- andy-fibres, although the texture intensity was lower.

It is important to mention that Figure 4.62-64{bshow local texture and may not
represent accurately the bulk texture of the sanmiles fact can be seen clearly in
Figure 4.65. This figure compares the local tex{uee as-rolled and fully-annealed
textures) of the area examined in sample 3 withbtllk texture of the same sample.
The as-rolled textures are, to some extent, simitadle the recrystallisation textures
are different. A higher intensity gtfibre texture components can be observed in the

bulk texture compared to the local texture measargm
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Figure 4.62:(a) Histogram showing comparison between the nestation angle

distribution of the as-rolled (AR) and the fullyraaaled (FA) states of sample 1 and

(b) and (c) show the AR and the FA textures (QIDE45’ sections), respectively.
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Figure 4.63:(a) Histogram showing comparison between the nestation angle

distribution of the as-rolled (AR) and the fullyraaaled (FA) states of sample 2 and

(b) and (c) show the AR and the FA textures (GiRE45° sections), respectively.
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Figure 4.64:(a) Histogram showing comparison between the nestation angle

distribution of the as-rolled (AR) and the fullyraaaled (FA) states of sample 3 and
(b) and (c) show the AR and the FA textures (QIDE45’ sections), respectively.
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Figure 4.65:Bulk (a and c) and local (b and d) textures (Q3E45° sections) of

as-rolled (a and b) and fully-annealed (c and aestof sample 3.
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The grain growth of the recrystallised grainsnsgdo be also enhanced by the
concurrent dissolution of the particles; many exispf this were observed during
thein-situ experiments. Figure 4.66 show one example wherégieen” grain grew
faster than the other two grains (i.e. the orange @urple grains indicated by the
arrows). More detail analysis was made into the enment of grain boundaries.
Figure 4.67 shows the misorientation between tlangrdescribed in the attached
EBSD map (a selected area of the map shown in &igue6). Grain f, neighbouring
the deformed matrix (i.e. areas d and e), movecemaypidly than grain ¢ as shown
in Figure 4.66. However, the misorientation betwdes deformed matrix and the
boundary of grain f, which is about 25s almost equal to that of the boundary of
grain c. The particles observed in this region rhaye played a significant role in
enhancing the growth of this grain. The same figsltews a high misorientation,
with no particle, between grains a and b compacethé¢ misorientation between

grains ¢ and b. This possibly explains the fastewth of grain a as a result of the

larger misorientation, which can be seen in Figuéé.

e :
Figure 4.66:EBSD maps (selected area) showing sequential niactgral
evolution of sample 3 where the grain growth seenise enhanced by the

dissolution of particles (low angle boundaries laeek).
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Figure 4.67:Relative misorientation profile (point to point)tbeen the grains
described in the attached EBSD map (particles reahov
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4.7 Monte-Carlo Modelling

A wide range of recrystallisation and grain grovnvestigations have been made
using two dimensional Monte-Carlo simulations. A tstudy is focused on the PSN
phenomenon, a large particle was introduced inte thicrostructure in the
simulation of recrystallisation. In addition, imagef the microstructure at regular
time interval during the simulation of grain growilas recorded, with the value of

the grain sizes being obtained.
4.7.1 Application to Grain Growth

All of the normal grain growth investigations ihis study were simulated on a
square domain of 300 x 300 lattice site points waithinitial structure of 2000 grains
which results in an initial grain diameter of ardud lattice points. This initial size
was obtained by dividing the total domain areatmy number of grains, calculating

the mean grain diameter from this mean grain aseayuhe relationship:
A=D*-2D+5 (4.1)

where A is the grain area in pixels and D is theargdiameter in pixels. Therefore, a
grain of diameter 2 pixels (the diameter has t@beven number) will have a total
area of 5 pixels. Examples of this relationshipsivrewn in Figure 4.68 for grains of

diameter 2, 4 and 6 pixels.

(@) ®) ©

Figure 4.68: Structures showing the total grain area in pixsksduin 2-D MCP

simulation with a grain diameter of (a) 2, (b) 4l4n) 6 pixels.
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Figure 4.69 shows images of the initial microstme and that after 1xiGand
1x10* MCS. This simulation was done with a randomly wtéel structure where the
grain boundary energy and mobility could be con®deas being isotropic
throughout the system. As a result, uniform norgrain growth is clearly observed

in this experiment.

Figure 4.69:The evolution of microstructure from an initial torim grain size
distribution using 2-D MCP simulation. (a) at 0 M{B) 1x1G MCS and (c) 1x1b
MCS.

Figure 4.70 shows the evolution of mean graire smth time for the same
simulation. A steady decrease in growth rate isenkesi as the time progress.
Moreover, a linear relationship exists betweenrtigan grain size squared and time
as can be seen in Figure 4.71. This indicates umifeormal grain growth.
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Figure 4.70: Plot of mean grain size with time for the simwatillustrated in Figure
4.69.
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Figure 4.71:Plot of mean grain size squared with time for tineusation illustrated
in Figure 4.69

4.7.2 Application to Recrystallisation (Modelling of PSN)

The use of Monte Carlo modelling for simulatirige trecrystallisation process is
more difficult than for the grain growth processs@iissed in details in Section
2.5.1). In this study, the focus will be given ke tsimulation of the PSN mechanism

of recrystallisation.

The initial, nucleation, phases of recrystallizatare determined by gradients in
orientation and substructural energy. In cell-forxgrmetals such as aluminium the
substructural energy is related to cell size ansbnentation. While it is difficult to
determine, or predict, the distribution of misoteion and stored energy around
particles following large deformations, most puléd work indicates that the
gradients in orientation are greatest near thdgarsurface. However, work using
aluminium alloys (Humphreys 1980) has given andation that PSN may not occur
at the regions of highest misorientation closeh® particle interface. Humphreys
(1979) measured the misorientations as functiordisthnce from large particles in
Al-Si, albeit at relatively small strains, and faltinat an empirical relationship of the

following form fitted the data:
o(r) =~atan (Aexp (-c (ro)fro)) r>n (4.2)

where r is radial location (zero at the particlatog), p is the particle radius, c is a

constant (3.6 here) and A is the tangent of theimiaia misorientation which occurs
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at . The value of A was found to be approximately dingvith strain, although
saturation at larger strains is expected (HumphagysArdakani 1994). Humphreys
also made the reasonable assumption that dislocd&osity was linearly related to
the gradient of misorientation. With dynamic (anidtis) recovery, dislocation
density can be replaced by inverse subgrain sizengJthose functions for
misorientations and subgrain size, 2-dimensionahtddCarlo- Potts simulations of
PSN were carried out and shown in Figure 4.72. Bbandary energies and
mobilities followed standard equations given elsexgh (Equations 2.14-15 in
Section 2.3.2.7), with a high-angle boundary leskell5°. More description of the

computational details of this simulation can benfdin Appendix C.
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Figure 4.72:Images of MCP domains from a simulation of PSN. Gfay scale
indicates orientation, with the highly misorientedterial at the start of the process
(left) showing as lighter shades. After some timght), all of those grains have
vanished, and the nucleation events start from nesshmisoriented material
originating away from the interface. The locati@fishe three fastest-growing

crystallities; A, B and C, are indicated in bothaiges.

In this example, the nucleation of recrystalisatfrom the deformation zone has
been observed. It is also observed that some ofstigrains which eventually
became the nucleus were not at the particle/maitecface. This fact may play a
significant role in determining the recrystalligatitexture. However, although this
simulation shows some similarity to real experinent should be regarded as
tentative as it has not yet been extended to ttireensions where a larger number

of variables need to be considered.
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Chapter 5
DISCUSSION

5.1 Introduction

Based upon the results presented in the prevahapter, the following is a
discussion of the various effects that differentlamlling reductions, compositions
and annealing temperatures can bring about in tireading behaviour and the
texture evolution of the low carbon steels investgl. It takes into account the
related published studies. Particular attentiopasl to the different features of the
deformation zone around large particles in low oarbteels and their influence on

the rolling and recrystallisation textures produced
5.2 Microstructures and Hardness of As-Rolled Material

After cold rolling, the initial grain structurdsecome more elongated along the
rolling direction as the reduction level increasaad formed a typical pancake
structure (Figure 4.5 and Figure 4.6). The dislocat generated during cold rolling
are not distributed uniformly in the different tas¢é component of the microstructure
as can be seen in Figure 4.8. The size and misatiem of the cell/subgrain
structure are dependent on the grain orientatioighét dislocation density is
observed in they-fibore compared with then-fibre texture components which
indicates that-fibre regions will have a higher stored energynthefibre regions.
The hardness increases with increasing rollingeedins as indicated in Figure 4.10.
This was expected since a higher dislocation dgnsitcreated and accumulated
during cold rolling which results in the increasé lardness with increasing

reduction.
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The coarse pearlitic particles present in HSLAektare formed on the grain
boundaries prior to rolling. This initial conditionduced complex deformation in the
regions near the particles during cold rolling,dieg to the disruption of these
particles. In addition, the presence of such padiccaused large strain
inhomogeneities during rolling which create higlsldcation zones around them,
with steep orientation gradients. The selected aleatron diffraction patterns
obtained in these zones contain spots from mangntaiions, and showed
considerable arcs rather than simple diffractiootspespecially in the vicinity of the
particles (Figure 4.31). This indicates severe llagdormation in these areas. The
high stresses in the vicinity of particles are knaw arise from the accumulation of
Orowan loops during the deformation (Ashby 1966).

Since large local strains are found in the vigirof the particles, which indicate
high stored energy, and since large orientatiomligrds are present in these areas,
the nucleation of the recrystallised grains mayfgremtially occur in these regions
(Humphreys 1977).

5.3 Cold Rolling Textures

The cold rolling textures of both steels investightonsists mainly of the- andy-
fibres texture components which are largely depende the rolling reduction. With
increasing reduction, the texture shows graduaénsification of both fibres
components, with weaker intensity in HSLA steel vehgarticles are present.

Moreover, the strongest texture component, inctse of IF steel, is {112}<110>
which rotates about <110>//RD axis toward {223}<%1&fter 90% reduction. This
rotation and other crystallographic rotations oocedrin the IF steel during cold
rolling seem to follow the two paths given by Inkigd 987; 1994) which are shown
in Figure 5.1. This figure show that both initiaiemtations rotate to {223}<110>

which is identified as the stable end orientation.
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Figure 5.1: Paths of crystal rotation during cold rolling oflyerystalline iron

showing the stable end orientation (Inagaki 1987a).

The crystallographic rotation occurs by a conseelprocess. In order to reach the
stable end orientation of {223}<110>, the orieraas are required to pass through
{112}<110> and {111}<110> and the other orientagsoshown. This fact is shown
clearly in Figure 4.26a. This Figure shows the magon density distribution along
the a-fibre for IF steel where the maximum density if@21}<110>, {115}<110>,
{112}<110> and {223}<110> for 20%, 50%, 70% and 90@6luctions, respectively.
This indicates that the crystallographic rotatiseem to follow path A, described in
Figure 5.1. It is clear that, with increasing retitut, the rotation towards the
{223}<110> is observed.

The uniformly distributed orientation density radpthey-fibre in 90% cold rolled IF
steel, as given in Figure 4.26b, can be explaingdctystallographic rotations
following path B. The weak {554}<225> observed inet20% reduction rotate
towards {111}<112> resulting in a strong {111}<112¥ientation component after
50% reduction. With higher reductions, the orierdeains having this orientation are
rotated to {111}<110> and finally to {223}<110>. Aairly uniform distribution of
the y-fibre components results at the end with an endraeat of the {223}<110>

orientation component.

On the other hand, the rolling texture of the KASiteel was found to be weaker
compared to the IF steel. The presence of peaplartcles in this type of steel plays

a significant role in this issue. Since rotationvand the stable end orientations
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occurs by dislocation slip, these particles aftistocation motion and, hence, create
highly orientation-spread zones around them. FiguB®-31 show this orientation

spread within the deformation zone around a patticl

Figure 4.27 shows the orientation density aldvegt andy-fibres after several cold
rolling reductions for HSLA steel. This figure sh®wa peak at {111}<110> for low
reduction (i.e. 20%). With increasing reduction$ist peak shifted toward
{001}<110> and {111}<112> alonga- and y-fibres, respectively. It therefore
appears that the rotation paths in this steel miffeom that of the IF steel. These
differences may have an effect on the recrystaitisebehaviour due to the variation
in stored energy with different orientation computse although PSN is dominant in

this steel.
5.4 Recrystallisation Kinetics

As expected, the recrystallisation rate increas#tl the degree of cold rolling
reduction due to the increase in the stored enangythe number of effective nuclei,
as shown Figure 4.14,15 and 17, for both steelssiiyated. The first two figures
show that with constant annealing time (one day thms study) for full
recrystallisation for all the reductions, the ardimgatemperature increases as the
reduction decreases. In addition, the recrystaltinarate also increased with higher
annealing temperature (Figure 4.16) since recistbn is a thermally activated
process. Moreover, the effect of the particles mhamcing the recrystallisation is
significant, dropping the temperature for recryigtation by about 10tC.

It is important to mention that the recrystallisa fraction results determined by
EBSD, by monitoring the changes of HAGB contentirlyrannealing, seem to be
consistent with the optical microscopy results. Thi#erence between the two
methods did not exceed 5% recrystallisation fractio

Recrystallisation kinetics are highly influendagthe annealing temperature, where
the recrystallisation rate will increase as theeating temperature increases. Figure
5.2 shows a plot of In{t) as a function of IV (Arrhenius plot) in 70% cold rolled IF
and HSLA steels annealed at various temperatureis. glot usually generates a
straight line with a slope corresponding to thdvation energy. In this study, the
apparent activation energy is calculated to be &1dt 339 kJ/mol for IF and HSLA
steels, respectively. These values are higherttigtreported by Glover and Sellars
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(1973) of pure ferritic iron of 280 kJ/mol. Thisctehas previously been attributed to

the presence of micro alloying elements such andiNb (Barnett and Jonas 1999).
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Figure 5.2: Arrhenius plot of the time for 50% recrystallisatifor 70% cold rolled

IF and HSLA steels.

It is also observed that the hardness decrealeshe degree of recrystallisation,
as indicated in Figure 4.14-15. This is due toltweer density of dislocations and,
hence, the low hardness of the recrystallised gramd recovery in the remaining
deformed material. In addition, it is important neention the greater change in
hardness in the fully annealed HSLA steel comparde as-deformed state. This is
associated with the dissolution of the pearlitiatiples during annealing. The
particle shape also has an effect on the hardmégsmore elongated particles, as the
reduction increases, give more nucleation siteschvineduced the final grain size

and, hence, increase the hardness.
5.5 JMAK Modelling

It is assumed in the JMAK model that nuclei anerfed at a ratéN and that grains

grow into the deformed material at a linear fateln real recrystallisation processes,
the new grains eventually impinge on each otherthadate of recrystallisation then
decreases. There are several early experimentstigations of recrystallisation on
aluminium (Gordon and Vandermeer 1962), low carkteel| (Rosewt al. 1964) and
copper (Hansert al. 1981). In these studies, the JMAK exponaris generally
observed to be well below the theoretical valuedatt, few experimental data show
close agreement with JMAK kinetics (Humphreys andthdrly 2004). In this
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experiment, most of the JMAK plots were approxirmali@ear (Figure 4.18-19), but
then values ranged from 1.4 to 2.0. It can, therefoeectncluded that some of the
assumptions made in the JMAK analysis do not agplyreal recrystallisation
processes. In the equation of the JIMAK model, tlaeeeno parameters relating the
microstructure (i.e. grain size) to the recryssalflion process, so the model may be
too simple as a quantitative model to fully deserithe complex process of

recrystallisation in a real material.
5.6 Recrystallisation Textures

5.6.1 General consideration

Recrystallisation textures are usually interpteteterms of variation in the kinetics
of nucleation and/or growth and how such variationgy impinge on specific
orientations. To address this issue and to undetdtze recrystallisation behaviour
and the type of recrystallisation texture produdeds important to investigate how
the dislocations are distributed among the diffetexture component during rolling.
It was observed that the andy-fibres texture components, in both steels, weee th
main texture components after cold rolling. In defed y-fibre grains, large
misorientations exist compare to the deformdibre grains as can be seen in Figure
4.29. This indicates a higher stored energy existbe y-fibre grains and, hence, a
higher recrystallisation rate during annealing xpexted to occur in these grains.
This variation in local orientation environment kitlifferent texture components
will be the basis for understanding and explainitng development of the

recrystallisation textures during annealing.
5.6.2 Recrystallisation Texture in IF Steel

Texture development during the recrystallisatidriF steel is shown to be largely
dependent on the rolling reduction. The annealkxgure is, in general, of thefibre
components at low reduction (20%) as shown in Egdrd6a. However, with
increasing rolling reduction, the annealing textsh®ws gradual intensification of

they-fibre components (Figure 4.46b, ¢ and d).

Figure 4.48 shows the orientation density distign along thex- andy-fibres for
fully annealed IF steel. Generally, most of the ksealong both fibres for all

reductions are at positions different to that dflawlling textures. For example, the
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peaks in the rolling texture for 50% reduction #e {111}<112> (Figure 4.26b)
while those after recrystallisation lie at {111}<@3. Hutchinson and Bate (2003)
have explained this interchange by considering itimm$ where low mobility of
grain boundaries may prevent some types of texthamge from occurring (i.€.3

twin boundary between (111)[{@] and (111)[10] ).

Moreover, Figure 4.48b shows a uniformly disttézliorientation density along the
y-fibre in fully annealed IF steel rolled 70%. Thisiform and strong-fibre plays a
significant positive role in determining the plaranisotropy of the sheet properties,
particularly in the control of earing in deep draperts. Equal amounts of the ideal
{111}<112> and {111}<110> orientation componentse agxpected to result in
minimal earing. However, this behaviour changedhwimcreasing the rolling

reduction where intensification of certain compaseaiong the-fibre occurred.

This strengthening of/-fibre, particularly after high reductions, seents lie
associated with the recrystallisation mechanisnibe recrystallisation mechanism
changes with the degree of reduction. At low reidmnc(20% in this study), grain
boundary nucleation dominates in the recrystalbsaprocess and the boundaries act
as nucleation sites by the SIBM process (Humphexyd Hatherly 2004). In this
case, the low energyg-fibre orientations (i.e. {001}<110> and/or {112}&0>
subgrains) become favoured. This mechanism is @thngith higher reductions, to
subgrain growth mechanism ipgrains since the stored energy in these grains
become high (Dillamoret al. 1967). In this study, it starts at 50% reductiom a
continues as the dominant mode for the 70% and 8&dactions. The subgrain

growth mechanism favours the nucleation ofyttidore orientation components.

There is a close similarity between the orientaspread of the early-formed grains
and the texture of the steel at completion of retatlisation. This fact is clearly seen
in Figure 4.38-41 where the texture of recrystatli@nd unrecrystallised regions of
50% and 70% reductions were measured separatelythét early stage of
recrystallisation, the textures of the recrystatlisegions in these samples are similar
to the final recrystallisation texture shown in drig 4.46b-c. Moreover, the growing
grains consume the deformeeibre matrix first, and only in the latter stageb
recrystallisation does the deformesdfibre disappear (Figure 4.39b and 40b). This
behaviour in the evolution of the recrystallisatterture and the depletion of texture

in the deformed matrix is in good agreement wignwork of Lindhet al. (1994).
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To address this issue in more detail, Figuresh@ws a colour coded map (ice.
andy-fibre and {001}<uvw> orientations are highlighted where a spread Sfvidls
allowed around each fibre). The recrystallised ancecrystallised regions of 70%
cold rolled and partially recrystallised (12%) Iteel sample are also separated. In
addition, the recrystallised grains having a gsage of more than 10um are further
separated to represent the size of the later staigescrystallisation. It is clearly
observed in this Figure that in the early stageecfystallisation, the-fibre grains
are growing faster than others. This Figure sholse that most of the observed

large grains were growing in the deformefibre grains.

In light of the results and observations discdssgove, it can be concluded that the
recrystallisation textures of this steel, particiylafter high reductions, seem to be
controlled by the orientation of the nuclei (oreethtnucleation) rather than by growth

selection.

a
-
I, - 1 (101 1. Map4. Step=0.7 pm: Grd500x400 I, - | /0 1.r; Mapd; Step=0.7 pm: Grid500x400

Figure 5.3: EBSD colour coded map showing IF steel sample aldd to 70% and
partially recrystallised. (a) Band contrast, (bjodined region, (c) recrystallised
region and (d) > 10um recrystallised grains. (Gyeeth and blue grains correspond
a-fibre, y-fibre and {001}<uvw> orientation. Other orientations are shown in band

contrast)
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5.6.3 Recrystallisation Texture in HSLA Steel

The pearlitic particles in the HSLA steel havestaong effect on the texture
development during recrystallisation, because ratide of recrystallised grains in
this steel occurs preferentially in the deformece= developed around these
particles during cold rolling. No other nucleatisites were observed, as can be seen
in Figure 4.23, 35 and 36. Since highly orientatspnead zones were created around
these particles, the orientations of the recryis&dl grains nucleated in these regions

are expected to be weak.

The recrystallisation textures for this steel b@nseen in Figure 4.47. This Figure
shows that with increasing the rolling reductiorgdyal intensification of both the
andy-fibres are observed. This behaviour differs frdvattof the IF steel where only
they-fibre becomes significant with increasing reductin addition, the orientation
density distribution along both fibres for fullyragaled HSLA, shown in Figure 4.49,
show low densities along both fibres compared tgtéel, with slight increase with
increasing reduction. This existence of both fibegen with low densities, in this
type of steel where PSN is the preferential numeamnechanism leads to questions
about the detailed mechanism of PSN and its etiadhe recrystallisation textures
produced.

Figure 4.42c shows the texture of the recrysidigrains at the early stage of
annealing and the- andy-fibres are clearly shown. It can be seen thatpibaks
along both fibres for the recrystallised grains @reositions different to that of cold
rolling textures (Figure 4.42b). The peaks in thiirrg texture lie at {111}<110>,
{223}<110> and {001}<110> while those after recrgfiisation lie at {111}<112>
and {115}<110>. This rotation of the recrystallisgdins from the deformed matrix
can also be seen in the high magnification mapsvsho Figure 5.4, where the
peaks after recrystallisation are at orientatioffiecent to that of the cold rolling

texture.
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Figure 5.4: EBSD map showing partially recrystallised HSLA $tedled 50% and
annealed at 50C. (a) Band contrast, (b) Euler colour of the retailised grains, (c)
and (d) show the textures of deformed and reciystdl grains, respectively.

To address this issue in more detail, Figure $hbws a recrystallised grain
nucleated within a deformation zone of a partioeated iny-fibore deformed matrix.
The new grain also hasydibre texture component shifted from the deformeatrix
orientation, as shown in the attached pole figliwreaddition, Figure 5.6 shows the
orientations of the recrystallised grains (i.e.iiggal and 2) and the orientation of the
surrounding matrix. It seems to be that, since gresent particles have complex
forms (discussed in Section 2.3.2.5), no systematientation change was found
within the deformation zones around them duringjmgland subsequently with the
recrystallised grains after annealing. Generatlgse figures (i.e. Figure 5.4-6), in
addition to that shown in Figure 4.35, show tha thientations of PSN nuclei are
not random, although the orientation spread is.higbeems that the location of the
nucleation events within the deformation zones iadouhe particles plays a
significant role in this issue. The formation ofctei seems to occur within the
deformation zones in regions away from the partstieface (i.e. the centre of the
zone) where the orientations were perturbed by iticalr amount to give high
mobility boundaries. This might account for the @& weakening of texture, rather

than the generation of new specific orientationsemvsignificant PSN occurs.
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(@ | ~(b)
Figure 5.5:EBSD map showing partially recrystallised HSLA $tedled 50% and

annealed at 50C. (a) Band contrast and (b) Euler colour map withstandard
{100} pole figure showing the orientation of thdesgted grain. (Star and square
correspond to recrystallised grains and surroundafgrmed matrix)

Figure 5.6: EBSD map showing partially recrystallised HSLA $tedled 70% and
annealed at 50C. (a) Band contrast, (b) Euler colour map, (c) @t)dstandard

{100} pole figures showing the orientations of sl grains in (b); grains 1 and 2,
respectively (Star and square correspond to readhgetd grains and surrounding

deformed matrix, respectively).
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It is likely that particles situated in regionsheve high strains and high strain
gradients occur, such as at the boundarieg-fifre grains, may provide more
favoured nucleation sites than other particles. mbeleation rate, as well as the
growth rate, of these “new” grains is higher thhnse nucleated around particles
located in the boundaries affibre grains. Similar stored energy differenceseave
observed in IF steel and there is some evidendhisfeffect in HSLA steel. The
textures of the unrecrystallised regions of Fig43c and 45c show high intensity
of the a-fibre. This behaviour was expected as the storextgy is low ina-fibre
orientation grains compared tefibre orientation grains. The growth rate of these

nuclei will be higher in these regions of higharst energy.

5.7 In-Situ EBSD Observations

Direct observation of nucleation and growth pheana clarifies many issues of the
recrystallisation mechanisms. Thesitu experiments performed in this study have
shown that most of the orientations of the rectijs& nuclei are present in the
deformed structure. Those recrystallised nucleisgharientations do not exist in the
deformed microstructure seem to have originatedeandrged from the interior of
the sample. In addition, the difficulty in obtaigia high quality EBSD image in the

deformation zone around the particles plays a Sogmt role in this issue.

The recrystallisation microstructures and texdweall the three samples examined
in these in-situ experiments show similar behaviour to that obskreesing
conventional examination after heating and coollgwever, slight variation in the
recrystallisation textures in these experimentspamed to the bulk texture has been
observed (Figure 4.65), probably as a result offthe surface effect and the small
areas examined. Figure 5.7 shows an EBSD map oplsafin with a partially
recrystallised microstructure (separated and shawr(b)). The texture of the
recrystallised region was measured and is shown)jrand the recrystallised grains
with size less than 4um were further separatedfaidtexture was also measured as
shown in (d). This separation may provide a betpresentation of the texture in the
early stages of recrystallisation prior to any éséive” grain growth. Despite the
dominance of PSN in this steel, Figure 5.7(d) sholearly that the orientations of
the nuclei are not random. When comparing the stalfisation texture to the rolling
texture of the same sample shown in Figure 4.62slight rotation of the
recrystallised grains from the deformed matrix witthe o- and y-fibres can be
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observed. This rotation has been observed elsevilnénes study (see Section 5.6.3)
and it indicates that the recrystallisation maygimate at regions within the
deformation zone away from the particle/matrix ifgee. This behaviour is in good
agreement with the work of Humphreys (1977), adeaimn can originate at any
pre-existing subgrains within the deformation zofige growth of the large grains (>
4um) seems to be enhanced by the existence ofrhigrientation with respect to

the surrounding matrix as well as the concurressalution of the particles during

annealing.
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(d)
Figure 5.7:(a) EBSD map (band contrast) of sample 1 showimtgbls

recrystallised microstructure, (b) Euler coloutlué recrystallised grains, (c) texture
of the recrystallised grains and (d) textures efricrystallised grains with size less

than 4um.

The threan-situ annealing experiments of the HSLA steel enablestime area to
be examined at different stages of the annealihg @llowed the growth direction
of the recrystallised grains to be observed andicéethe angle and axis of
misorienations of only the moving (i.e. growingjarface between the recrystallised
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grain and the surrounding deformed matrix to bemieined as can be seen in Figure
5.8-9. As expected, the small misorientation angless than 10 as well as the

large misorientation angles (greater thaf) @de rarely observed as shown in Figure
5.8. A peak value of about 3@vas observed in all samples, with no particular

rotation axis.

There is a slight difference in rotation anglstdibution between the three samples.
More scattered data were recognised with the loducton samples, particularly
sample 2. The lower rotation angles of the higldfodned sample 1 suggest that the
nucleation originated within the deformation zorfas from the particle/matrix
interface. This is in agreement with the textureasueement of the unrecrystallised
and recrystallised regions shown in Figure 4.44 re/H®th textures are, to some
extent, similar. Figure 5.9 show that no strongdewtce of the Z7misorientation
around a <110> axis, as this was reported to bexample of oriented growth (e.g.
Ibe and Licke 1968). However, it should be noted the number of measurements

is too limited to be conclusive.
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Figure 5.8: The distribution of rotation angles between theagng boundary of the
recrystallised grains and the surrounding deformattix for allin-situ samples.
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of the recrystallised grains and the surroundingrisnan (a) sample 1, (b) sample 2

and (c) sample 3.
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5.8 Monte-Carlo Modelling

The use of Monte-Carlo modelling for simulatirtte trecrystallisation and grain
growth processes help to improve understanding haf tcomplex phenomena
associated with them. In addition to the grain glowsimulation, the results of the
effect of PSN on the recrystallisation texture, thain focus of this study, obtained
from the TEM, EBSD andn-situ EBSD experiments were utilised and a simple

model for simulation of the PSN mechanism of retaflisation was developed.

Figure 4.72 shows this model where an approximagresentation of the
deformation zone around the particle is shown. $imall subgrains, with a large
orientation gradient introduced close to the phaticmade the nucleation of
recrystallisation start from this zone. This sintiaia shows also that the nucleation
of recrystallisation can occur in regions away frone particle/matrix interface
where high mobility boundaries exist. The radiadjent of dislocation density (or
subgrain size) derived from Equation 4.2 has algtimlmaximum away from the
particle interface, at about 0.3. However, other forms of orientation and size
distribution also gave nucleation away from thehlkst misorientation material and
the precise form of distribution may not be too artpnt. In addition to the issues of
misorientation and size gradients, larger subgrhmse some advantage because of

reduced boundary curvature pressure.

In reality, of course, the microstructures aroupdrticles are much more
complicated than modelled here, but the hypothéss& PSN will often give
orientations which are only different from those tbe deformed material by a
minimal amount- sufficient to give high boundary iy, typically of the order of
15°- is potentially true and this may account tog general weakening of texture,

rather than the oriented growth of specific oriéintes, when significant PSN occurs.
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Chapter 6
CONCLUSIONS

Two low carbon steels with different compositiarsl initial microstructures were
investigated in this study. The effects of theiahitmicrostructures, cold rolling
reductions and annealing temperatures on the &angelkhaviour and texture
evolution have been determined. Particular attentvas paid to deformation zones
around large particles and its influence on théngland recrystallisation textures
produced. The following conclusions may be expiicdr implicitly inferred from

this study.

1. After cold rolling, the textures of both steelsastigated consist mainly of tlxe
andy-fibres texture components. The development ofelzes largely dependent
on the rolling reduction. With increasing reductidhe textures show gradual
intensification of both fibres, with weaker intetiss$ in the HSLA steel where
pearlitic particles are present. These particlasaddition, affect the rotation
paths towards the stable end orientation duringl golling, with IF steel
exhibiting a strong {223}<110> component and HSLAhibiting a strong
{001}<110>.

2. In both steels, a higher dislocation density attdd rolling is observed ip-fibre
material compared withu-fibre texture components, indicating thatfibre
regions have a higher stored energy. The selected aelectron diffraction
patterns obtained in the deformation zone neapértcles in HSLA steel have
shown that high dislocation density and largedattnisorientations occur in the

vicinity of particles during deformation.

3. Annealing temperature has a great effect on theystadlisation kinetics of both

steels. Reduction also has an effect on the kisetie higher the reduction, the
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shorter the full recrystallisation time. In additjothe presence of particles can
significantly reduce the temperature needed forystallisation, as they enhance
the recrystallisation and act as nucleation sitgsthe Particle Stimulated
Nucleation (PSN) mechanism. The recrystallisationetics data for all the
different reductions in both steels were founditthie JMAK relation reasonably
well, with n-values ranging from 1.4 to 2.0. These Iowalues can be related to
failure of the simple assumptions made in the baSIAK model. The apparent
activation energy is calculated to be 314 and 3Bfn&l for IF and HSLA steels,
respectively. They are higher than that for puretfe iron (i.e. 280kJ/mol) as a

result of the micro-alloying elements present ia skeels investigated.

4. Determining the recrystallisation fraction by manihg the changes of HAGB
content during annealing using EBSD mapping is shaw be a rapid and
reliable method, giving results which are consisteith results from optical
microscopy. The difference between the two methddbs not exceed 5%

recrystallised fraction.

5. Texture development during the recrystallisationliefsteel is shown to be
largely dependent on the rolling reduction. It @@nconcluded that the annealing
texture is mainlya-fibre at low reduction (20%) as a result of graioundary
nucleation by SIBM. However, with increasing roflineduction, the nucleation
mechanism changed to subgrain growthy-fibre grains since the stored energy
in these grains become high and, hence, the angetdixture show gradual
intensification ofy-fibore components. An interchange of the orientatiensity
peaks along both fibres for all reductions has bazserved between the rolling
textures and the fully annealed textures.

6. The pearlite particles in the HSLA steel have argirinfluence on texture
development during recrystallisation since nucteaticcurs preferentially in the
deformed zones developed around these particlemgdwold rolling. The
orientations of PSN nuclei were found to be nonadoan, although the
orientation spread is high. The formation of thelaus seems to occur within the
deformation zones in regions away from the partisl&@face leading to
recrystallisation textures similar to that of tledling textures (i.e. botl- andy-
fibre exist) and, although the texture intensityswawer, to recrystallisation

textures in IF steel.
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7. The PSN nuclei seem to experience a barrier thhdarggrowth after consuming
the deformation zone due to the decrease in drifonge. The growth of certain
grains seems to be enhanced by the high misoriemtatith respect to the
surrounding matrix as well as the concurrent digsmh of the particles during

annealing.

8. The application ofn-situ annealing combined with EBSD mapping to the study
of recrystallisation microstructures and texturé$8LA steel was found to be
useful. New input to the understanding of recryisi@ion phenomena was
generated from such experiments. More than 80%hefdrientations of the
recrystallised nuclei are already found in the defed microstructure, with the
remainder probably originating, and emerging froine, interior of the sample or
to be related to the difficulty in obtaining highuajity EBSD image in the
deformation zone around the particles. The redhsation microstructures and
textures from thesm-situ experiments show similar behaviour to that obsigrve
using conventional examination of heated and cos#edples. There is no strong
evidence of particular misorientation axes or andiem the moving interface

between recrystallised grains and the surroundéigrched matrix.

9. Monte Carlo modelling was used to simulate the PS8fdchanism of
recrystallisation. This was to show, in generak feasibility of using these
mesoscale simulations to capture the microstruciamges associated with PSN
mechanism. The simulation was able to capture ticéeation of recrystallisation
occuring within the deformation zone close to thdiples, in agreement with the
results observed experimentally. It shows also thatnucleation can occur in
regions away from the particle/matrix interface vehigh mobility boundaries
exist which may account for the general weakenihg¢egture, rather than the

oriented growth of specific orientations, when gigant PSN occurs.
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Chapter 7
FURTHER WORK

Based on the investigations carried out in thiglyg certain areas where further

work could be useful can be identified. These arfoHows:

* The application of in-situ annealing, combined WEBSD mapping, to the
study of recrystallisation texture as used in thesent work is influenced by
the presence of the free surface. Other technicque, as synchrotron x-ray
beam techniques, are potentially useful in thigagibn due to their greater
depth of penetration. However, these methods dlieastan early stage of
development.

e Although in this work it was possible to model tRSN mechanism of
recrystallisation, and give a reasonable predidiothne overall phenomenon,
further development of the current model is neagssainvestigate the effect
of the non-uniform microstructure in three-dimemsi@n the recrystallisation
kinetics. The detailed nature of the deformationcrostructure around
particles needs to measured, and possibly modedied, there are many
uncertainties in the values needed for the anngatindel, for example the
energy and mobility of boundaries as functions ofsanentation and
boundary character. Such a detailed study wouldiregonsiderable time
and effort.

* The current study has focused on large second paaseles and shows their
strong influence on the rolling and recrystallisatitextures. Since most
industrial alloys also contain small particleswiuld be useful to investigate
their effect on textures in steel as well. As waedl effects on deformation
microstruture, small particles can have large ¢ffean boundary mobility
which may be anisotropic.
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Appendices

Appendix A Texture

The cold rolling and annealing textures in lowboan steels are often represented
using ¢,=45° section of Euler space. Table A-1 shows the impbri@ientations as
well as their corresponding Euler angles. The haddigure shows their location in

the Euler space.

Table A-1: Important texture orientations present in low cartsteels and their
corresponding Euler angles. (The locations are shiavthe attached,=45° section
of Euler space) (Ragt al. 1994)

Texture Orientation Euler angles H —— ¢, C H

Component (hkl) [uvw] 01 @ 0, + 4

H 001 1-1C 0 0 J .

J 114 | 110 | 0 | 195 l ,— ofibre

[ 112 1-10 0] 353 &

E 111 1-10 0 54.7 1 y-fibre

F 111 1-21 30 57.1 45

E’ 111 0-11 60 54.7 g E : E F 1

F 111 -1-12 90 54.7

C 001 0-10 45 0 0,= 45°

L 110 1-10 0 90 ¢ I

G 110 001 90 90 L G

The relationship between Euler angles and Milhelices can be defined in the

following equations.

h = sind sind (A-1)
k = sind sinp; (A-2)
| = cosp (A-3)
u = cosp; cosh, - sind; sinp, cosb (A-4)
V = -co; Sind, - sinp; cosh, cosb (A-5)
W = Sinp; sin® (A-6)
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tand cosh, = IE (A-7)
tarps = (A-8)
cosD tanp; = W (A-9)

ku —hv
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Appendix B Microstructures and Measurements

The microstructural evolution during the anneglprocess examined by optical
microscopy for all reductions are shown in Figurd-B for the IF steel and Figure
B-4-6 for HSLA steel. Moreover, the recrystalligatifraction and macrohardness
measurements data during the annealing procesedosarious reductions are given
in Table B-1-6 for IF and Table B-7-11 for HSLA skg respectively.

Figure B-1: Optical micrographs of IF steel samples cold rotte@0% and
annealed at 69Gor (a) 2, (b) 8, (c) 15 and (d) 24 hrs.
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Figure B-2: Optical micrographs of IF steel samples cold rot@80% and
annealed at 64Gor (a) 4, (b) 6, (c) 10, (d) 12, (e) 17 and @#h2s.
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Figure B-3: Optical micrographs of IF steel samples cold rot@@0% and
annealed at 620or (a) 2, (b) 5, (c) 8, (d) 10, (e) 15 and (fh24.
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(€) (f)

Figure B-4: Optical micrographs of HSLA steel samples coldawio 20% and
annealed at 58Gor (a) 2, (b) 5, (c) 10, (d) 16, (e) 24 and @h3Bs.
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Figure B-5: Optical micrographs of HSLA steel samples colda®io 50% and
annealed at 50dor (a) 4, (b) 10, (c) 15, (d) 20, (e) 40 and5Bhrs.
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Figure B-6: Optical micrographs of HSLA steel samples colda®io 90% and
annealed at 50Gor (a) 4, (b) 7, (c) 10, (d) 13, (e) 16 and @h2s.
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Table B-1: Recrystallised fraction and macrohardness measumsnier IF steel

cold rolled to 20% and annealed at &2@or different annealing times.

Tme | ReadmgsOp | RO | Rec Readings s | Gz
1 2 3 1 2 3
0 0 0 0 0 129 | 130 | 127 128.7 15
1 11 15 16 14.0 2.6 118 | 117 | 117 117.3 0.6
2 14 18 17 16.3 2.1 118 | 120 | 117 118.3 15
3 26 24 21 23.7 2.5 114 | 117 | 113 114.7 2.1
4 26 31 29 28.7 25 113 | 112 | 113 112.7 0.6
5 39 42 41 40.7 1.5 108 | 110 | 107 108.3 1.5
6 55 53 53 53.7 1.2 108 | 107 | 103 106.0 2.6
8 52 56 54 54.0 2.0 105 | 104 | 99.3 102.8 3.0
10 68 72 73 71.0 2.6 99.3]| 97.1| 97.1 97.8 1.3
12 83 79 85 82.3 3.1 88.9| 929 | 91.7 91.2 2.1
15 95 94 92 93.7 15 85.1( 826 | 82.6 83.4 1.4
17 100 | 100 | 100 100.0 0.0 826 80.2 | 85.1 82.6 2.5
24 100 | 100 | 100 100.0 0.0 85.1( 84.1| 82.6 83.9 1.3

Table B-2: Recrystallised fraction and macrohardness measuntsnfer IF steel

cold rolled to 50% and annealed at &3@or different annealing times.

Tme | ReadmgsOp | RO | Rec Readings s | Gezdess
1 2 3 1 2 3
0 0 0 0 0 159 | 156 | 157 [ 157.3 15
1 |08 33|11 1.7 1.4 151 | 146 | 145 [ 147.3 3.2
2 | 11|14 38 2.1 15 148 | 145 | 146 | 146.3 15
3 | 61| 43| a7 5.0 0.9 140 | 140 | 142 [ 1407 1.2
4 10 |107] 7 9.2 2.0 139 | 143 | 143 | 1417 2.3
5 18 | 16.1| 128 15.6 2.6 132 | 132 | 133 | 1325 0.5
6 |182| 151|134 156 2.4 132 | 134 | 132 [ 1327 1.2
8 |242|217|27.7| 245 3.0 125 | 123 | 125 [ 1243 1.2
10 [31.1| 29 | 253]| 285 2.9 128 | 120 | 128 [ 125.3 4.6
12 | 455 47 | 446 457 1.2 118 | 118 | 116 [ 117.3 1.2
17 | 84 [ 821807 823 1.7 84.1| 84.4|859| 848 1.0
24 | 947|926 923 932 1.3 875| 865| 84.4| 86.1 1.6
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Table B-3: Recrystallised fraction and macrohardness measumsnier IF steel

cold rolled to 50% and annealed at &2@or different annealing times.

Time EZ;&E; t(ig:) Rex. Rex. ngdri]ﬁgs;: Hardness | Hardness
(Hr) (Avg) (Stdev) (Avg) (Stdev)
1 2 3 1 2 3
0 0 0 0 0 0 159 | 156 | 157 157.3 15
1 04 | 04 | 0.6 0.5 0.1 153 | 155 | 153 153.7 1.2
2 06 | 0.8 ] 0.9 0.8 0.2 153 | 156 | 153 154.0 1.7
4 12 | 1.8 | 2.1 1.7 0.5 153 | 154 | 153 153.3 0.6
6 28 | 3.7 | 31 3.2 0.5 151 | 148 | 145 148.0 3.0
17 26 31 30 29.0 2.6 120 | 114 | 117 117.0 3.0
24 34 27 29 30.0 3.6 123 | 120 | 124 122.3 2.1

Table B-4: Recrystallised fraction and macrohardness measumsnier IF steel

cold rolled to 70% and annealed at &2@or different annealing times.

Tme | ReamgsOp | RO | Rec Readings s | Gezdess
1 2 3 1 2 3
0 0 0 0 0 175 | 174 | 179 176.0 2.6
1 06 | 1 | 03 0.6 0.4 159 | 161 | 154 | 158.0 3.6
2 1 |16 2 1.5 0.5 158 | 160 | 161 159.7 1.5
3 8 6.3 1.5 149 | 143 | 147 146.3 3.1
4 15 | 9 11 11.7 3.1 142 | 142 | 143 142.3 0.6
5 19 | 25 | 18 20.7 3.8 137 | 139 | 142 139.3 2.5
6 26 | 33 | 35 31.3 4.7 131 | 131 | 137 133.0 35
8 41 | 42 | 36 39.7 3.2 135 | 132 | 137 134.7 2.5
10 | 57 | 64 | 61 60.7 3.5 114 | 117 | 116 115.7 1.5
12 | 63 | 65 | 68 65.3 2.5 112 | 115 | 111 112.7 2.1
15 | 77 | 74 | 80 77.0 3.0 91.1| 98 | 95.9 95.0 3.5
17 | 82 | 79 | 83 81.3 2.1 81.6| 819 | 78.4 80.6 1.9
24 | 87 | 85 | 92 88.0 3.6 82.4| 826 | 85.1 83.4 1.5
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Table B-5: Recrystallised fraction and macrohardness measumsnier IF steel

cold rolled to 90% and annealed at &2@or different annealing times.

T () Rex. Fraction Readings (%) S (Fu) Rex. (Stdev)
1 2 3
0 0 0 0 0 0
1 1.1 0.5 0.6 0.7 0.3
2 3.2 1.6 15 21 1.0
3 9.2 10.3 15 11.5 3.1
4 34.3 31.8 28.6 31.6 2.9
5 45.9 42.3 48.3 455 3.0
6 42.7 49.7 40.2 44.2 4.9
8 61.3 63.5 69.8 64.9 4.4
10 71.1 69.4 75 71.8 29
12 85.7 83.6 79.8 83.0 3.0
15 87.1 91.8 94.8 91.2 3.9
17 96.3 96.8 92.5 95.2 24
24 95.6 92.8 90.5 93.0 2.6

Table B-6: Recrystallised fraction and macrohardness measuntsnar HSLA steel

cold rolled to 20% and annealed at &B@or different annealing times.

Tme | ReadmgsOp | RO | Rec Readings s | Gezdess
1 2 3 1 2 3
0 0 0 0 0 230 | 227 | 233 230.0 3.0
2 10 11 15 12.0 2.6 195 | 189 | 192 192.0 3.0
5 26 25 23 24.7 15 171 | 172 | 177 173.3 3.2
10 67 75 71 71.0 4.0 134 | 137 | 137 136.0 1.7
16 84 85 89 86.0 2.6 129 | 134 | 130 131.0 2.6
24 100 | 100 | 100 100.0 0.0 123 | 122 | 122 122.3 0.6
30 100 | 100 | 100 100.0 0.0 117 | 122 | 123 120.7 3.2

Table B-7: Recrystallised fraction and macrohardness measuntsna HSLA steel

cold rolled to 20% and annealed at &D@or different annealing times.

Tme | ReamgsOp | KOS | Rec Readings s | Gezdess
1 2 3 1 2 3

0 0 0 0 0 230 | 227 | 233 [ 2300 3.0

7 0 0 0 0.0 0.0 203 | 205 | 203 | 2037 1.2

15 [ 18| 13| 2.2 1.8 0.5 198 | 198 [ 201 [ 199.0 1.7

24 | 41| 46 | 45 4.4 0.3 200 | 194 | 198 [ 197.3 3.1

40 | 43| 55 | 5.1 5.0 0.6 197 | 197 | 196 | 196.7 0.6

55 | 13 [ 15 [ 13 13.7 1.2 191 | 191 | 189 [ 190.3 1.2
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Table B-8: Recrystallised fraction and macrohardness measuntsner HSLA steel

cold rolled to 50% and annealed at 8D@or different annealing times.

Time EZ;&E; t(iﬁ,};‘) Rex. Rex. ngdri]ﬁgs;: Hardness | Hardness

(Hr) (Avg) (Stdev) (Avg) (Stdev)
1 2 3 1 2 3

0 0 0 0 0 0 258 | 262 | 264 261.3 3.1
4 21 | 25 | 33 2.6 0.6 235 | 238 | 238 237.0 1.7
10 22 27 28 25.7 3.2 220 | 215 | 217 217.3 25
15 41 39 46 42.0 3.6 196 | 198 | 198 197.3 1.2
20 52 50 52 51.3 1.2 178 | 187 | 182 182.3 4.5
30 65 58 59 60.7 3.8 169 | 167 | 174 170.0 3.6
40 70 77 75 74.0 3.6 164 | 160 | 165 163.0 2.6
55 93 90 90 91.0 1.7 153 | 147 | 149 149.7 3.1

Table B-9: Recrystallised fraction and macrohardness measuntsiar HSLA steel

cold rolled to 70% and annealed at &D@or different annealing times.

Tme | ReadngsOp | RO | Rec Readings s | Gezdess
1 2 3 1 2 3
0 0 0 0 0.0 278 | 278 | 282 279.3 2.3
2 2.3 3.1 3.4 2.9 0.6 267 | 262 | 262 263.7 2.9
4 6.8 7.6 7.1 7.2 0.4 252 | 246 | 248 248.7 3.1
7 23 22 22 22.3 0.6 233 | 224 | 224 227.0 5.2
10 38 39 45 40.7 3.8 215 | 213 | 213 213.7 1.2
13 51 47 55 51.0 4.0 205 | 204 | 209 206.0 2.6
16 69 72 71 70.7 15 187 | 187 | 186 186.7 0.6
20 92 90 92 91.3 1.2 180 | 179 | 179 179.3 0.6
24 98 97 98 97.7 0.6 179 | 179 | 176 178.0 1.7

Table B-10: Recrystallised fraction and macrohardness measuntsnfer HSLA

steel cold rolled to 90% and annealed at’80fr different annealing times

Time Ezga:;rggt(ioo/g Rex. Rex. :ée‘?dr;ﬁsz Hardness | Hardness
(Hr) (Avg) (Stdev) (Avg) (Stdev)
1 2 3 1 2 3
0 0 0 0 0.0 321 | 321 | 321 | 3210 0.0
2 53| 65 | 6.7 6.2 0.8 260 | 256 | 261 | 259.0 2.6
4 11 | 138 135 12.8 1.5 241 | 237 | 236 | 238.0 2.6
7 35 | 31 | 32 32.7 2.1 221 | 225 | 221 | 2223 2.3
10 | 61 | 59 | 58 59.3 1.5 203 | 206 | 209 | 206.0 3.0
13 | 73 | 69 | 68 70.0 2.6 195 | 192 | 193 193.3 1.5
16 | 91 | 88 | 85 88.0 3.0 189 | 193 | 187 189.7 3.1
20 | 100 | 100 | 100 | 100.0 0.0 186 | 181 | 182 183.0 2.6
24 | 100 | 100 | 100 | 100.0 0.0 175 | 185 | 185 181.7 5.8
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Appendix C  Monte-Carlo Modelling

The Monte-Carlo model uses a discretised reptasen of microstructure in the
form of a lattice, in which each lattice point issgned a numbery, which
represents the local grain orientation (or spid).grain will therefore comprise of
one or more lattice sites of the same orientatibileathose lattice sites adjacent to
sites with different orientations are considered b&sng separated by a grain

boundary as shown in Figure C-1.
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Figure C-1: Sample microstructure on a triangular lattice whibeenumbers

indicate the orientation and the dotted lines regmégrain boundaries.

The grain boundary energy may therefore be censitias number pairs where the
like number pairs are considered to have zero gn@ey grain interior) while those
unlike pairs to have the same high energy valuearSimg bulk and surface energy

contribution, the total energy of the system isghdted using the Potts Hamiltonian:

H = i{z””’ F(s)} (C-1)

where y is the free energy of a unit of grain boundaryt tdepends on the
misorientation betweers and § in the units of Boltzmann constakt F is the
volumetric energy of a site of orientati& in units of k. the inner summation is
taken over the neighbourhood of siteonsisting of n sites and the outer summation

is taken over all the lattice sitds,

The evolution of the structure is modelled byesghg a site at random, and
reorienting it to one of the adjacent grain oriéntes. The change in total system
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energy,AE, for the new state is computed, and the reottiemtas implemented with

transition probability, p, such that

1 if AE<O
P(AE) = (C-2)
exp(AEKT) if AE>0

where T is the simulation temperature. It is importantniote that T is not the
physical temperature. In the simulation, this terapee governs the degree of
disorder in the lattice. Most of the simulations m&crystallisation have been
performed at zero temperature. The unit of timehasimulation is the Monte Carlo

Step (MCS) which representsreorientation attempts.
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