
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI

films the text directly from the original or copy submitted. Thus, sorne

thesis and dissertation copies are in typewriter face, while others may be

from any type ofcomputer printer.

The quality of tbis reproduction is dependent upon the quality of the

copy submitted. Broken or indistinct print, colored or poor quality

illustrations and photographs, print bleedthrough, substandard margins,

and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete

manuscript and there are missing pages, these will be noted. Also, if

unauthorized copyright material had to be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by

sectioning the origjnal, beginning at the upper left-hand corner and

continuing from left to right in equal sections with small overlaps. Each

original is also photographed in one exposure and is included in reduced

form at the back ofthe book.

Photographs included in the original manuscript have been reproduced

xerographically in tbis copy. Higher quality 6" x 9" black and white

photographie prints are available for any photographs or illustrations

appearing in tbis copy for an additional charge. Contact lTh1I directly to

order.

UMI
A Bell & Howell Infonnation Company

300 North Zeeb Raad, Ann Arbor MI 48106·1346 USA
3131761~700 8001521~600





EFFECT OF THERMOMECHANICAL PROCESSING ON

MICROSTRUCTURE, TEXTURE, AND ANISOTROPYIN TWO Nb

MICROALLOYED STEELS

hy

ABBASAKBARZADEH

A Thesis Submitted to the Faculty ofGraduate Studies andResearch

in Partial Fulfi/lment ofthe Requirements ofthe Degree of

Doctor ofPhilosophy

Department ofMining and Metallurgical Engineering

McGill University

Montreal, Canada

Febmary 1997

©



1+1 National Library
of Canada

Acquisitions and
Bibliographie Services

395 Wellington Street
Ottawa ON K1A ON4
Canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue Wellington
Ottawa ON K1A ON4
Canada

Your file Votre rëférenœ

Our file NoIre référence

The author has granted a non
exclusive licence allowing the
National Library ofCanada to
reproduce, loan, distribute or sell
copies of this thesis in microfonn,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis flor substantial extracts frOID it
may be printed or otherwise
reproduced without the autho{' s
pernnSSion.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

Q-612-29871-X

Canad~



Abstract

The process parameters that affect the anisotropy of mechanical properties of two

Nb microalloyed llnepipe steeIs (grades X-70 and X-SO) were examined by controlled rolling

and accelerated cooling on a pilot mi1I. The roIIing schedules were fust simulated by multi

pass torsion testing so as to determine the critical temperatures, such as Till' and Ar3. Using

the torsion test results, two finish rolling temperatures were chosen so as to be above and

below the Ar3 (in the y + a region). Two reheat temperatures were selected to study the

effect of prior austenite grain size. The properties of air cooled samples are compared with

those of specimens cooled at two different rates; in each case, cooling was interrupted at

one of three different temperatures. The textures were measured by x-ray diffractometry

and are presented in the form of ODF plots and skeleton lines. The Yield strengths were

measured by carrying out tensile tests along directions inclined at increasing angles to the

rolling direction.

The state ofthe pancaked austenite before transformation was characterized in terms

of the effective interfacial area. It is shown that this parameter detennines the sharpness of

the transformation texture because it accounts for both the amount of pancaking strain

applied to the austenite before transformation and the austenite grain size. Another

important factor affecting texture development durinS transformation is the rate of cooling,

as it detennines the dislocation density present on each active slip system. The results of

hardness testing, texture measurement, and mechanical testing showed that a moderate

cooling rate and a medium cooling interruption temperature lead to the best combination of

a fine microstructure and a desirable texture. It is shown that accelerated cooling increases

both the yield strength and the planar anisotropy of the yield strength, the latter property

rising to a maximum in the samples associated with the lowest cooling interruption

temperature. Comparison between the experimental results and model predictions of the

Yield strength ratio indicates that the pancake and lath models are in the best agreement with

the measured values.
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Résumé

Les paramètres in:t1uençant l'anisotropie des propriétés mécaniques de deux aciers

microalliés au Nb (X-70 et X-SO) pour conduits ont été étudiés par laminage contrôlé et

refroidissement accéléré sur un laminoir-pilote. Les températures critiques, telles que Tm et

Ar3, ont au préalable été déterminées au moyen de tests de torsion multipasses. Les résultats

obtenus ont décidé le choix de deux températures de fin de laminage, une supérieure à Ar3 et

l'autre inférieure (dans la région 'Y + a). Deux températures de recuit ont également été

selectionnées afin d'étudier l'effet de la taille de grain austénique initiale. De plus, les

propriétés des échantillons refroidis à l'air libre ont été comparées à celles des échantillons

obtenus au moyen de deux différentes vitesses de refroidissement. Cette comparaison s'est

faite à trois températures différentes, à chacune desquelles le refroidissement fut interrompu.

Les textures furent mesurées par diflTaction de rayons X et sont présentées sous fonne

d'DDFs et de lignes de fibres. Les limites d'élasticité furent déterminées par des tests de

traction effectués selon différents angles par rapport à la direction de laminage.

L'état de l'austénite aplatie avant la transformation a été caractérisé en tennes de

surface interfaciale effective. L'influence de ce paramètre, qui prend en compte à la fois la

quantité de déformation appliquée à l'austenite aplatie avant la transfonnation et la taille de

grain austenitique, sur l'intensité de la texture de transformation a été montrée. Par ailleurs,

l'effet de la vitesse de refroidissement sur le developpement de la texture s'est également

avéré important, puisque cette dernière détermine la densité de dislocation présente sur tous

les systèmes de glissement actifs. Les résultats des tests de dureté, des mesures de textures

ainsi que des tests mécaniques ont montré qu'une vitesse de refroidissement modérée ainsi

qu'une température d'interruption du refroidissement intermédiaire permettent d'obtenir à la

fois une microstructure satisfaisante ainsi que la texture désirée. De plus, il s'est avéré que

plus la vitesse de refroidissement est élevée, plus la limite d'élasticité est grande ainsi que

son anisotropie planaire, cette dernière atteignant un maximum dans les échantillons associés

aux températures d'interruption les plus basses. Enfin, la comparaison entre les résultats
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expérimentaux et les valeurs modélisées des rapports des limites d'élasticité a montré que le

modéle 'pancake' et le modéle 'lath' mènent à des valeurs qui concordent le mieux avec

celles mesurées.
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Introduction

During the past two decades:t thennomechanical processing (TI\œ) has played an

important role in plate technolo8Y:t particularly with regard to the production of high

strength steels with superior low temperature toughnesses:t such as steel for line pipes. This

was important because it eliminated the need for subsequent heat treatment and therefore

was more economical. This process covers a wide range ofdecision-making areas, such as

material (alIoy) selectio~ as weil as design ofthe controlled rolling and ron-out table cooling

processes.

From a metallurgieal point of view:t 'IMP improves the strength and toughness of

roUed niobium steels by means of three distinct processes: i) grain refinernent of the ferrite,

il) control ofthe y-to-a transfonnatio~and iii) the precipitation ofNh-base particles. Grain

refinement is achieved by means ofthe statie or dynamic recrystallization ofaustenite and by

the application of paneaking deformation. The transformation and precipitation processes
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are aIso under the direct influence of the defonnation and cooling conditions. Each of these

processes is in tum controlled by the TMP parameters.

It is well known that during the transfonnation, the crystallographic texture

developed by heavy defonnation (pancaking) of the austenite is inherited by the ferrite. The

orientation distribution functions obtained from the new texture analysis methods provide a

quantitative measure of the texture developed by the transformation. Furthermore, an

understanding of the way in which texture is formed is important in accounting for the

microstruetural charaeteristics and properties ofthe final product.

Preferred orientations or textures are the primary cause of the anisotropy of

mechanical properties in metals. The detailed aspects of their influence on the final

properties of steel have been the subject of much research. Also, much consideration has

been given to modeling the plastic anisotropy of polycrystalline materials by introducing

grain interaction models. Many ofthese models are based on the observation that the grains

are not equiaxed, but rather tlattened (pancaked) or elongated (lath-shaped).

For the manufacture of spiral welded pipe from skelp, it is desirable to have higher

strengths in the hoop rather than in the longitudinal direction. For tbis purpose, knowledge

of the influence of the processing parameters on the anisotropy of mechanical properties is

required. In fact, all the processing parameters affecting the texture influence the planar

anisotropy ofthe plates.

In this research, the effect of the thermomechanical processing conditions on the

microstructure, texture, and planar anisotropy of the mechanical properties was investigated

by carrying out systematic experiments to determine the influence of the most important

parameters. Sorne ofthese were chosen to simulate the rolling conditions at IPSCO. The

evolution of the microstructure, texture, and mechanical properties during
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thermomechanical processing was studied in four separate sets of experiments. These were

associated with:

1- Thermomechanical processing

II- Microscopie obselVations

ill- Texture measurement

IV- Mechanical testing

In tms program of tests, controlled rolling of the plate was carried out on the pilot

mill at the MTL laboratory of CANMET in Ottawa. This process was designed so that the

effeet of the rolling conditions on texture development and on the mechanical properties

could be studied at the McGilllaboratories.

In Chapter Two, the effects of thermomechanical processing parameters on the

microstructure and texture ofNb microalloyed steels will be reviewed briefly, as based on a

survey of the literature. Some consideration will also be given to the anisotropy of

mechanical properties.

In Chapter Three, the materials used will be introduced, after which the above four

stages of the experimental work will be described. The processing conditions mainly

include:

1) the reheat temperature (this affects the initial austenite grain size and the amount

ofniobium in solution)

2) the finishing temperature

3) the amount of austenite pancaking (determined by the rolling schedule and the

Tar)

4) the cooling rate

5) the cooling interruption temperature.
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The results obtained in this investigation conceming the effects of the process

conditions on microstructural evolution, bath before and after transfonnation, will be

presented and discussed in Chapter Four. The characteristics of the microstructures will be

examined with the aid ofobservations by both electron microscopy and hardness testing.

In Chapter Five, the influence is examined of the processing conditions on the

transformation textures of the pancaked austenite. In tbis regard, the microstructural

evolution must aiso be taken into account. Here, sorne possible relations between texture

evolution and the phase transition are discussed. The texture predictions obtained from

sorne variant selection criteria proposed for the rnodelling of transfonnation textures will

also be compared with the experimental results.

In Chapter Six, the effects of the processing parameters, described in Chapter Three,

on the anisotropy of the strength will be discussed. The relations between texture, presented

in Chapter Five, microstructure, described in Chapter Four, and the plastic anisotropy of the

yield strength will also be considered. The experimental results of the tensile tests are

compared with models for predicting the anisotropy in the last section. Sorne data regarding

the anisotropy of the fracture properties gathered as part of this investigation are not

presented here because ofspace limitations.
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Literature Review

2.1 Introduction

Thermomechanical processing (TMP) has mostly been concemed with the

manufacture of fiat rolled products, such as steel for line pipes, in relatively high tensile

form. This process covers a wide range of decision-making areas, such as material (alloy)

selection, as well as design of the controlled rolling and run-out table cooling processes.

Four metallurgical events during thermomechanical treatment, i.e. deformation,

recrystallization, precipitation, and transformatio~ govem microstructural and texture

development in microalloyed steels. The detailed aspects of these mechanisms and their

influence on the final properties of the steel have been the subject of much research. In this

section, the effects of thermomechanical processing parameters on the microstructure and

texture of Nb microalloyed steels will be briefly surveyed and consideration will also be

given to the anisotropy ofmechanical properties.
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Polycrystalline materials consist of a large number of crystallites, aIl of which may

have the same structure as a single phase, as in pure metals, or contain several structures, as

in multiphase alloys. In both cases, the orientations of the crystallites will tend to cover a

considerable range. The orientation of an individual crystallite is specified in tenns of the

relation between the crystal coordinate system, Kc, and the sample coordinate system, Ks.,

Fig. 2.1 [1]. In the case of cubic materials, the crystal axes are referred to as [100], [010],

and [001]. The sample coordinate system of roUed materials is a1so a Cartesian reference

frame (X,Y,Z) of the axes parallel to the rolling (RD), transverse (TD), and nonnai (ND)

directions, respeetively. The orientation distribution function (GDF), i.e. the texture of the

material, can then be defined by specifYing the relative volumes of crystals of orientation g

within the limits dg:

j(g) =dVjV
dg

Ks -----------g----------- Kc

(2.1)

Figure 2.1 Orientation g of crystal coordinate system Kc with respect to sample

coordinate system Ks.
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The crystal orientation g is determined by the transformation matrix relating the sarnple and

crystal coordinate systems, Ks and Kc, ta each other.

(2.2)

Usually, tbis transformation rotation is specified by the Euler angles:

or by the Miller indices (metallurgical representation),

g = (hkl~uvw]

(2.3)

(2.4)

The latter indicates that the crystal plane (hkl) is parallel to the rolling plane and that the

crystal direction [uvw] is paraUel to the TOlling direction, Fig. 2.1.

Euler angles are the most commonly used rotation parameters, and are represented in

three dimensions in Fig. 2.2 [2]. The ODF is approximated as a continuous funetion f{g),

where g is a point in Euler space representing the rotations required to make the reference

(specimen) axes eoincide with those of the crystal. This function cao be expanded into a

series ofgeneralized spherical harmonies and in tbis way provide a numerical representation

ofthe texture [3]:

00 1 1

i(g) =L, L, I,C;m1;IIIII(g)
1=0 m=-I1t=-1

(2.5)

In practice, specimen and crystal symmetries lead to a reduction in the extent of

summation, and a finite series truncation I=L is used. The value ofthis limit depends on the

actual texture and on the eventual use ofthe coefficients.
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Figure 2.2 Description oforientation g by the Euler angles <Pl, tIl, CP2 [4].

2.2.1 Fibres

The three dimensional representation of an ODF provides a powerful tool for

quantifying and characterizing the texture. For practical purposes, however, this cao be

further simplified by expressing the orientation densities along selected fibres in the form of

diagrams. As the textures in steels are frequently made up of fibres, this type of texture

representation does not lead to a loss of essential information. An overview of the key

texture fibres found in steels and their positions in Euler space is provided in Fig. 2.3. The

orientations along the RD fibre are important for hot and cold rolled steels as weU as for

recrystallization textures, whereas the TD fibre components are mostly developed in hot

rolled products. In deep drawing steels, the intensities along the ND fibre characterize the

recrystallization texture. The surface texture of hot rolled products can be described in

terms ofthe çfibre [5].
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Figure 2.3 Main texture fibres in steel sheets presented in Euler space.

2.3 Hot Rolling Textures in Steels

In aU processes such as recrystallization, deformation, and transformation, changes in

the orientations of the grains take place, which lead to the development of texture. The

latter is the main cause of the planar anisotropy of roUed sheets and plates. Depending on

the TMP parameters, the texture development cao be varied through modification of the

above mentioned three processes.

During the recrystallization of austenite and the 'Y-to-a transformation, the texture is

nonnally fonned in two separate stages: both of these involve nucleation and growth of the

product phase. To date, little is known about the governing mechanisms of nucleation and

growth and of the role of the TMP parameters on these processes. By contrast, the

deformation texture results ftom the rotation of grain orientations due to slip. Thus, the

deformation texture depends solely on the previously recrystallized texture (or the
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concurrently developing texture due to dynamic recrystallization) and the current strain path.

Stable orientations are produced by deformation and the intensity of the associated ideal

texture components is influenced by the amount of deforrnation in the absence of

recrystallization.

2.3.1 Recrystallization Textures

In the roughing stage of controlled rolling, a series of high temperature rolling steps

is carried out at temperatures above the no-recrystallization temperature (Tor). The usual

pass intelVals and strains at tbis stage lead to the completion of static recrystallization, wbich

in tum results in a fairly uniform grain size [6].

When austenite recrystallizes before transformation, a fairly weak transfonned ferrite

texture develops [7]. It has been reported that in the recrystallization range of austenite

(above the Tm temperature), the textures ofplain carbon and Nb (0.034 wt.%) microalloyed

steeIs are similar [8,9]. Sînce the defonnation texture is not retained, the main components

are the {001}<110> and {110}<110>, whieh are derived :trom the recrystallization texture

eomponents present in the y, i.e. the cube {100}<001> and its twin {122}<212> [8].

2.3.2 Precipitation ofParticles

The precipitation of partieles during rolling makes a considerable contribution to

texture formation in steels. First, the precipitation of earbides and nitrides retards the statie

recrystalIization of austenite, leading to more paneaking by raising the Tnr [10,11]. And,

secondly, strain induced precipitation prevents dynamic recrystallization. Consequently, the

defonnation texture is sharpened whieh , in tum, results in a sharper transfonnation texture

in the ferrite. The size, distribution and orientation relationships of the precipitates with

respect to the matrix are important characteristics of the precipitates in tbis regard. Strain-
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.T... induced precipitation is aIso influenced by the chemical composition of the steel and the

deformation temperature [12].

The orientation relationship between precipitate and matrix aIso has an effect on the

nuc1eation and growth modes [13] and can determine the morphology of the precipitates

[14]. Hosford and Zeisloft's [15] analysis of the crystal plasticity of Al-Cu alloys has shown

that the influence of oriented semi-coherent precipitates, such as 0', depends on both the

shape and habit plane ofthe precipitates.

2.3.3 Deformation Textures

In controlled rolled steels=, depending on whether defonnation was carried out above

or below the Tnr (or even below the Ar3) and on the amount ofdeformatio~the sharpness of

the crystallographic texture ofthe ferrite is drastically changed [16-21]. This is explained in

terms of changes in the austenite texture before transformation or by the effect of ferrite

rolling in the two phase region. In Nb steels=, the development of strong transformation

textures can be expeeted=, since the precipitation of NbC or Nb(CN) particles results in the

formation of sharper austenite deformation textures because of the suppression of

recrystallization.

It has been reported that the rolling of niobium microalloyed steels below the no

recrysta1lization temperature of the austenite (Tor) leads to the formation of the copper

{112}<111> and brass {110}<112> components of the fcc deformation texture [22,24].

The intensities of these components are increased by the amount of defonnation imposed

below the Tnr• Rayet al. [25] tried to simulate the austenite texture by cold rolling a Ni-Co

alloy with a stacking fault energy close to that of austenite. They also found that the copper

and brass, as well as the S, {123}<634>, are the main orientations in the defonned austenite.
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The strain path aIso has an important role to play in the development of austenite

defonnation textures. For instance, in areas close to the surface of rolled plates, the plastic

defonnation occurring during hot rolling takes the form of simple shear. In this case, the

RD fibre texture is not involved and a {110}<uvw> type of ferrite texture (the ç fibre) is

developed instead [5,21]. By contrast, deformation ofthe austenite along the mid-section is

performed in plane strain, which usually leads to fonnation of the RD, TD and ND fibres in

the ferrite after transformation.

2.3.4 Transformation Textures

Because of the crystallographic relationship between the product phase (e.g. bct

martensite) and parent phase (e.g. rcc austenite), martensite inherits sorne texture from the

austenite during transformation. Frequently, orientation relationships between parent and

produet phases in a transformation are expressed by parallelism between planes and/or

directions in the two phases:

{
<hkl)ll(h1k'll)
[uvw]ll[u'v'w'] (2.6)

The transformation from fcc austenite to bec ferrite is generally described in terms of

the Kurdjumov-Sachs relationship [26]:

(2.7)

,:1:;
;:q..::..,. .

Sînce the OnF has a definite mathematical fonn, the mechanism of the orientation

transition, Le. the transformation, can be investigated quantitatively. For this purpose, it is
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transformation.
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Experiments have shown that the preferred orientations in transfonned Nb

microalloyed steels with varied transformation products are the {332}<113> and

{113}<110> [9, 22, 27-30]. Although the major orientations in the product phase, Le. the

{113}<110> and {332}<113>, are independent of the natures of the transfonnation

products, such as ferrite-pearlite or ferrite-bainite or acicular ferrite, the texture sharpness

and the fibre intensities are different among the various products. Yutori and Ogawa

reported that, even with the same conditions of rolling, the intensity of the texture differs

depending on the transfonnation products that are present, Fig. 2.4 [29].
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Figure 2.4 tlJ=4So (Roe notation) ODF sections, showing the transformation textures

of steels with various structures; a) polygonal ferrite, b) acicular ferrite,

and c) martensite [29].
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Because the texture of samples does not depend on the diflùsion mode of

transformation, even with changes in grain size and the presence ofbanded microstructures,

it can be concluded that ferrite nucleation and growth as occurs in the diffusion mode of

tré'J1sformation does not have a major effect on texture development. Similarly, there is not

much difference between the textures of air cooled acicular ferrite and water quenched

martensite, both of which contain a sharp {332}<113> cornponent. The shear mode of

transformation or a mixed mode of transfonnation seems to he accompanied by an increase

in the intensity ofthe {332}<113>, Fig. 2.5 [29].

The origin of the transformation texture and its relation to the microstructure have

been discussed by many workers [22, 23, 27, 31-34]. Inagaki [21] showed that, depending

on the thennomechanical processing parameters, the austenite deformation texture

components, i.e. the copper {112}<111> and brass {110}<112> cornponents, will be

converted into the {113}<110> and {332}<113> components during the 'Y ~ (X

transformation. Further rolling will convert these into other bec texture cornponents.

8
A..,
..-
X. 6
~
t!-e 4
~..
i 2
li

0-'-----------'
affusion Shear MKed

Mode of Transformation

Figure 2.5 Relationship between the intensity ofthe {332}<113> orientation and the

mode of transformation.
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A more systematic study of the transfonnation components derived from various fcc

rolling and recrystallization orientations according to the KS relationship has shown that

more than one parent 'Y orientation can produce the same bec orientation [33, 34]. From tbis

it has been concluded that it is not possible to determine, unambiguously, the origin of sorne

transformation texture eomponents. In a more detailed discretization analysis, Butron

Guillen et al. [35] also considered the frequencies of occurrence of particular product

orientations from a single parent. Their results for the most important fcc orientations are

iIlustrated in the fonn ofan ODF diagram in Fig. 2.6.
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(001)[110)

(1 Il)[lTO]

Figure 2.6 Selected bec product orientations in the qh = 45° section, showing the

~('!" major fcc parent orientations fram wbich they originate [9].'. -
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General1y, there are two approaches to transformation textures. 1- AIl variants are

operative to an equal degree (Kurdjumov-Sachs or the Nishiyama-Wassermann orientation

relationship); their frequencies are independent of the transformation behaviour and the

product texture after transformation is inherited from the Cu type austenite rolling texture

[22, 27]. 2- Variant selection is utilized to describe the transformation mechanism

applicable to defonned austenite and the orientation relationship between the parent and

product phases is modified in tbis way [28, 29, 36-38].

2.3.4.1 Variant Selection

On the transformation of austenite to ferrite, the texture of the ferrite formed tram

pancaked austenite differs sharply from that observed when the austenite is recrystallized.

Experiments have shown that, in hot roUed plain carbon and microalloyed steels, when the

austenite is recrystallized between passes, similar textures are developed [8]. By contrast,

sharp textures form when rnicroalloyed steels are finish roUed below the Tor. At high cooling

rates, martensite generally forms by a change in volume and a transformation shear. Any

elastic and plastic defonnations that result from these phenomena can therefore affect the

transformation.

The difference between the shear and diffusional growth processes as first-order

transformation mechanisms is clear at the atomic level. DiffusionaI growth essentially

involves the uncoordinated jumping of individual atoms by diftùsion (which is motivated by

chemical potential gradients) towards or away from advancing interface boundaries. Sorne

areas of the boundary with sufficient atornie disorder make the atomic jumps energetically

feasible. Shear, on the other hand, is a coordinated glide-type process, which can occur

without significant thermal activation. In shear, each atom in the matrix phase bas a

destination site in the product phase and moves towards that position in a shuftle-like action.

Growth by shear requires glide by partial transformation dislocations or unit vector
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dislocations [39]. The high dislocation densities induced by accelerated cooling provide the

required conditions for shear to occur.

Texture inheritance after transfonnation has been studied by both experiment and

modelling. It is generaUy observed that when ail possible variants have equal weights in the

calculation, the predieted transfonnation textures are weaker than the experimentaI ones.

For this reason, it is generally accepted in the literature that variant selection takes place [23,

28,29, 38].

The texture ofmartensite is said to be essentially a nucleation texture, which is solely

detennined by variant selection during transformation [34]. The other possible explanation

for the differences between the observed and simulated textures in an acicular ferrite

microstructure was tirst introduced by Inagaki as the selective growth of sorne transfonned

orientations [22]. A semi-quantitative work by Savoie et al. on variant selection aIso

showed that when ferrite transformed from austenite at higher temperatures, the selective

growth of sorne ferrite orientations seemed to occur [33].

GeneraIly, the existing variant selection models fail to explain fully the observed

experimental textures in a quantitative way. A detailed description of this approach cao be

found in Rer. 23. Recently, a cumulative variant selection model composed of three criteria

was introduced by Jonas and co-workers [38]. In tbis model, a slip activity criterion, which

takes into account the relative shears on the fcc slip systems that were active in the austenite

during prior rolling, is utilized to explain the nucleation texture [37].

Two other criteria deal with the selective growth of sorne of the orientations whose

nucleation is called for by the slip activity model. A planar growth criterion is introduced to

consider the grain aspect ratio of the pancaked austenite grains as favouring growth along

the rolling direction [38]. This rule favours growth of the {113}<110> and {112}<110>

transformed copper orientations. A residual stress criterion aiso acts so as to favour those
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variants which reduce the residual stresses in the matrix surrounding a given parent grain

[36]. They showed that, using a combination ofthese three criteria in transformation texture

calculations, good agreement can be obtained between predicted textures and experimental

results.

2.4 Thermomechanical Processing

As mentioned in the previous sections, texture evolution occurs during TI\4P in

parallel with the microstructural changes. The sharpness of the texture in the ferrite phase is

directly influenced by the severity of the texture of the austenite phase prior to

transformation. Therefore, ail the parameters that affect the mechanisms of defonnation,

recrysta1lization, precipitation, and transformation contribute to texture development. In

order to understand the effect of thermomechanical processing on the final ferrite texture,

three important parameters ofTMP, i.e. the chemical composition, and the controlled rolling

and accelerated cooling schedules, are reviewed in the sections that follow.

2.4.1 Chemical Composition ofMlCroailoyed Steels

To improve the weldability and toughness, the use of pearlite free steels was first

proposed by Duck:worth et al. [42]. Later, low carbon HSLA steels were developed [40,

41], which eliminated the need for extra tempering and also led to good weldability. For the

last two decades, low carbon (0.03-0.06 wt% C) and extra low carbon (0.01-0.03 wt% C)

microalloyed steels with different amounts of various microalloying elements have been

introduced so as to provide better balances ofstrength and toughness.

From a texture point of view, it has been shown that transformation textures are

generally strengthened by increasing the content of alloying elements such as Mn, Ni, Cr,

and Mo [7, 24]. For instance, in C-Mn steels, increasing the Mn content strengthens the

texture [7]. This is because the y-to-a transformation takes place at lower temperatures and
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defonnation bands aIso become active sites for the nucleation of ferrite, in addition to the 'Y

grain boundaries. This change in texture is accompanied by a change from a ferrite-pearlite

to a fine acicular ferrite microstructure [7]. Higher rnanganese and molybdenum levels

result in fully acicular ferrite microstructures at all cooling rates [29]. When the Mneq is

more than about 2.5, bainite and acicular ferrite form on cooling, which leads to higher

intensities of the {332}<113> component in the product phase [29]. Inagaki reported that

the ex transformation texture component {332}<113> is more sensitive to the amount ofMn

than the {113}<110> component [7]. He also observed that the maximum intensity of the

{113}<110> occurred in a lower Mn steel. Other alloying elements, such as Ni, Mo, Cr

etc., wmch aIso act as austenite stabilizers, retard the transformation ofy in the same manner

as Mn [7,23].

1.28\Mn

2.06\Mn

1.78'Mn

2.48\Mn

Figure 2.7 Effect ofMn on transformation texture, (200) pole figures [24].
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If Nb is not added, textures such as thase shown in Fig. 2.7 cannot be fonned,

irrespective of the Mn content. Thus, retarding recrystallization of the y phase by the

precipitation of Nb(C,N) affects the transfonnation texture. This is because strain

accumulation prior to transfonnation depends on the effect of Nb in retarding the

recrystallization of austenite. Many investigations [8, 21, 43, 44] have shown that the

addition of Nb or V sharpens the texture in microalloyed steels. The texture of a plain

carbon steel is compared with that of a Nb miccoalloyed steel in Fig. 2.8. Niobium affects

the texture by increasing the Tor, either as a substitutional element by contributing to solute

drag [11] or by the precipitation affine dispersions ofNbC [45-47].

(a)

RD

• {OOI} < 110>
• {113} < 110>
• {223} < 110:>
Â {332} < 113 >
• {554} <225>

RD

(b)

t----tTD

Figure 2.8 (200) pole figures of (a) a plain C steel and (h) a Nb steel finish rolled in

the unrecrystallized austenite region.
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In controlled rol1ing, heavy reductions of the austenite in the no-recrystallization

temperature range increase the surface area of the austenite grain boundaries; concurrently,

high densities of deformation bands are introduced into the matrix. Both of these interfaces

provide preferential nucleation sites for ferrite and therefore contribute to grain refinement.

2.4.2.1 Reheat Temperature

Generaliy, in order to promote grain refinement, the reheat temperature is selected so

as to produce a fine and unifonn 'Y grain structure [48]. Dissolution of the NbC or Nb(CN)

particles during reheating is an important requirement so as to provide for the possibility of

the Nb precipitation that is required to retard recrystallization. A good review of the

different techniques for calculating precipitate dissolution temperatures can be found in Ret:

49. Using atom probe analysis, Palmiere et al. [49] presented the following relation for the

solubility lirnit ofNb and C in austenite:

log [Nb][C]= 2.06 -6700rr (2.8)

Here T is the temperature in Kelvin and [Nb] and [Cl are the niobium and carbon

concentrations in weight percent, respectively. They aIso suggested that the grain

coarsening temperature of austenite (TGC ) is 125 oC below the dissolution temperature of

NbC (TD~):

(2.9)



This means that reheating below the TGe promotes the presence of a fine and unifonn hot

roUed 'Y grain structure:J while reheating above the TDISS provides the greatest potential for

precipitation in either the y or the a during subsequent processing.

-
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Inagaki bas reported that sharper textures were developed when low reheating

temperatures were used (24], which aIso entaiIs finer "'1 grain sizes. This might arise because

of the influence of the grain size on the roUing texture through its effect on the defonnation

and recrystallization textures [50). He aIso showed that the {113 }<110> is rather

insensitive to a decrease in soaking temperature (or the initial austenite grain size), whereas

the {332}<113> is noticeably strengthened when the soaking temperature is decreased [24]:J

Fig. 2.9. Yutori and Ogawa reported that decreasing the prior austenite grain size increased

the intensity of the {332}<113> in the shear or mixed mode oftransfonnation but not in the

diftùsion mode [29].

Soaked at 1250·C Soaked at 1050·C

Figure 2.9 Effect of soaking temperature on the martensite texture of a low C-Mn-

Nb steel, ep=45° sections [24].
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2.4.2.2 Finish Rolling Temperature

The major purpose of controlled rolling is to enhance the strength and toughness of

steel by grain refinement. Refinement of the ferrite structure is mainly achieved through

refinement of the y structure by choosing the appropriate rolling conditions, such as the

amount ofdeformation and the finishing temperature [16,51,52]. In fact, the grain structure

of ex is detennined by the recrystallized 'Y grain size before deformation in the no

rectystal1ization region and the amount ofreduetion in that region or in the subsequent y + ex

region. Tanaka et al. described the controlled rolling process as consisting of the following

three stages: (i) defonnation in the yrecrystallization region (above the Tm), (ii) defonnation

in the no-recrystallization region (below the Tnr and above the Ar3), and (iii) deformation in

the intercritical y+ a two-phase region, Fig. 2.10 [52].
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·;r.~.- Figure 2.10 Schematic illustration of the three stages of controlled rolling.
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2.4.2.2.1 Rolling in the Region above the Tnr

In this regio~ repeated recrystallization of the coarse austenite refines the 'Y structure

which transfonns to relatively coarse ferrite. When the steel is rolled in the region above the

Tnt, the austenite is fully recrystallized [22]. Such recrystallization is responsible for the

presence of orientations such as the {100}<011>, which originate from the {lOO}<OOl>

austenite recrystallization texture [8, 27,43, 50, 53].

2.4.2.2.2 Rolling in the Unrecrystallized yRegion (below the T",)

Deformation in the unrecrystallized y region decreases the ferrite grain size by

pancaking the austenite before transformation. Pancaking takes place because

recrystallization is retarded byelem.ents such as niobium [11, 45, 47]. The defonnation of

austenite below its recrystallization temperature introduces defonnation bands in addition to

elongated austenite grains. These divide an austenite grain into several blocks, and are

equivalent to austenite grain boundaries with regard to the potential for ferrite nucleation.

In niobium steels, the defonnation bands are observed to occur at temperatures as high as

950 to 1000 oC because of the retardation of recrystallization by Nb [6]. The density of

deformation bands depends primarily on the reduction and is only slightly affected by

temperature and the strain rate ofdeformation [54].

By rolling between the no·recrystaUization temperature of the austenite and the Ar3,

the intensity of the transformation texture derived from austenite rolling texture is increased.

This texture contains maxima at {332}<113> and {113}<110> [22]. Fig. 2.11 [7] shows

the effect offinishing temperature on the densities of these two components. In this regio~

the transformation texture is sharpened by decreasing the finishing temperature and

increasing the reduction [24]. At a fixed finishing temperature, the intensity of the
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Figure 2.11 Variation of orientation density along the skeleton lines of a Nb-V steel in

sampIes finish rolled at different temperatures [21].

{332}<113> increases with the amount of reduction; it is less sensitive than the {113}<110>

to finishing temperature.

2.4.2.2.3 Rolling ill the y + a Region

Deformation in the intercritical range produces a rnixed microstructure consisting of

equiaxed a grains and elongated ferrite grains with hardened subgrains. In the defonned

ferrite, recrystallization is very sluggish. This is partly because of the stabilization of the a

sub-boundary network by the strain induced precipitation of Nb(C,N) [10, 19, 55].

Deformation in the two phase region has a substantial effect on the microstructure and

mechanical properties. Whi1e deformation of the 'Y produces a structure of soft ferrite
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grains, defonnation in the two-phase region produces a duplex structure of soft polygonal

and hard subgrain-containing ferrite grains. The latter component is responsible for

increasing the yield and tensile strengths and decreasing the impact energy [6].

If controUed rolling is finished in the "i +a range, the following processes occur

concurrently :

;- crystal rotation ofthe parent phase

ii- transformation ofthe parent phase

iii-crystal rotation ofthe product phase

Thus, the resultant texture is complex and the amount of deformation (and consequently the

rate of transformation and the characteristics of variant selection) affects this texture. The

following crystal rotations about <110> Il ID for {332}<113> and about <110> Il RD for

{113 }<110> are produced by rolling in this region [56]:

{332}<113>~ {554}<225>~ {111}<112>

{113} - {112}<110> ~ {223}<110>

Inagaki also made a distinction between finishing in the upper or lower "i + a region

[56]. In Nb-V steels finished in the upper intercritical region, most of the {332}<113>

formed after the final pass. The {332}<113> component is relatively stable during roUing

[57], so that the remainder of this component does not undergo any significant change

during intercritical rolling.

In the lower range, the ferrite grains accumulate further defonnation, because they

have already transformed at higher temperatures. This results in a sharpening of the texture

of the a phase and sorne orientations are modified. Orientations in the range {332}<113>

to {554}<225> rotate towards {554}<225>, while orientations between {100}<011> and

{113 }<110> rotate towards {223 }<110>. However, the theoretical calculations of Toth et

al. [58], which were based on crystal plasticity using the relaxed constraint method for
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simulating grain rotations during rolling, showed that the {112}<110> orientation is too

stable to rotate toward the ND fibre. From this they concluded that TD fibre components

are more desirable for deep drawability as they are converted into ND fibre components on

further deformation.

2.4.3 Accelerated Cooling

Unti! 1962, air cooling was the most rapid cooling rate used during the industrial

processing of hot roUed steels. In low carbon microalloyed steels, additional ferrite grain

refinement can he achieved hy the use of accelerated cooling to compensate for the 10ss in

strength caused by the lower carbon content. Tanaka [59] considered accelerated cooling as

an additional stage that can compensate for the disadvantages of controlled rolling such as

mixed grain structures. In fact, controlled rolling increases the density of ferrite nucleation

sites and accelerated cooling enhances the ferrite nucleation rate.

The advantages of the combination of controlled roUing and accelerated cooling can

be summarized in terms of three concepts: i) more refinement of the transfonned

microstructure, ii) increased homogeneity of the grain structure, and iii) a decrease in the

cost of alloying [60]. Interrupted accelerated eooling has been established as superior to

continuous cooling sinee it provides an optimum degree of supercooling and thereby

enhances a nucleation. Furthermore, interrupted accelerated cooling helps to preserve the

flatness ofthe plate.

Accelerated cooling affects the transformation texture through variant selection [29].

When the transformation occurs at lower temperatures, the ferrite nuc1eation rate is

increased and at the same time growth is limited. In this way, the cooling rate and cooling

interruption temperature are very effective in influencing the conditions of nucleation and

growth.
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2.4.3.1 Coolïllg Rate

When the cooling rate is increased during transformation, a much finer

microstructure is produced due to the faet that the transformation occurs at lower

temperatures. This suggests that there is only limited growth of the ferrite nuclei. As

mentioned above, for steels finish rolled in the unrecrystallized y region, the preferred

orientations of the transformation texture are the {113}<110> and {332}<113>. Figures

2.12 and 2.13 show the effect of Mneq and cooling rate, respectively, on the orientation

densities. It can be seen that, even with low levels of Mn or of other alloYÏng elements

<Mneq = 1.27), the intensity of the {332}<113> is increased significantly when a cooling

rate of 80 oC S·l is employed. This intensity increase is accompanied by a change in

microstructure from polygonal ferrite-pearlite to martensite.
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Figure 2.13 Change in orientation density as a function ofcooling rate [29].

The fact that these components are dominant is independent of the cooling rate and

the nature of the transformation products. However, the sharpness of the texture and the

intensities of these orientations are obviously different among the various phase

transformation products [29]. For example, the textures in both martensite and acicular

ferrite are stronger than in polygonal ferrite-pearlite. This is, obviously, due to the effect of

cooling rate on variant selection during nucleation ofthe product phase as weIl as its limited

growth.

2.4.3.2 Cooling Interruption Temperature

Accelerated cooling influences the high and low temperature transformation products

by affecting the nature, amount and distribution of the various phases and microconstituents.

This is why it is used to control the microstructure and ta optimize the final properties.

Such effects are the most pronounced in the case of interrupted accelerated cooling during

both isothennal and continuous cooling. Although the morphological and cementite



Chapter Two Literatllre Review 30

/

precipitation characteristics of the different types of bainite and martensite developed by

interrupted cooling have been studied by numerous researchers [40, 61, 62], less attention

has been paid to the eirect of cooling interruption temperature on texture development. The

salient features ofthis process with respect to the texture are studied in the present work.

2.5 Microslructura/ Deve/opment

2.5.1 Grain Refinement

The prediction of ferrite grain size from austenite grain size and shape is a difficult

task. This is because, in addition to nucleation, the impingement and coalescence of the

ferrite units must also be considered. In addition, coalescence can be strongly influenced by

the strain-induced precipitation of rnicroalloy carbides. In spite of these difficulties, it is

clear that ifthe ferrite nucleation rate is increased, the resulting grain size is reduced. Most

commercial controlled rolling processes for refining the ferrite grain size therefore

concentrate on increasing the ferrite nucleation rate by increasing the value of Sv (grain

boundary area per unit volume). This can be done by refining the recrystallized austenite

grain size or by pancaking the unrecrysta1lized austenite so as to provide a larger number of

heterogeneous nucleation sites [63]. In the section that follows, the characteristics of the

acicular ferrite structure fonned from pancaked austenite is studied in more detail.

2.5.2 Acicular Ferrite and Bai"ite

Acicular ferrite HSLA steels were developed by the Climax Molybdenum Company

[64]. The idea is to use a low carbon «0.06 wt%) Mn-Mo-Nb steel, which transforms to

upper bainite from undefonned or conventionally hot rolled y, it cao also transform to

acicular ferrite when the transformation is accelerated by controlled cooling. The acicular

ferrite structure is illustrated in Fig. 2.14 together with the bainitic structure [6]. The

acicular ferrite phase consists of fine non-equiaxed ferrite dispersed with cementite and
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martensite islands. This constituent is defined as a high1y substructured, non-equiaxed phase

that forms on continuous cooling by a mixed diffusion and shear mode of transformation at

temperatures slightly above the upper bainite transformation range [64] Acicular ferrite

differs from bainitic ferrite with respect to the prior 1 grain boundary network and the

cementite and martensite morphologies.

In the bainitic structure, the prior y boundary network is retained and plate-like

cementite is fonned at coarse lath boundaries as weIl as at the prior grain boundaries. By

contrast, in the acicular ferrite structure, the prior grain boundary network is completely

elirninated because of the presence of a fine grained structure, and small cementite and

martensite islands are scattered throughout the matrix instead (see Fig. 2.14). Such a

difference in structure is accompanied by a distinct difference in the facet unit (effective

grain size). In the bainitic structure, the effective grain size is almost equal to the prior 'Y

grain size, but in acicular ferrite, the facet unit is much smaller than the prior y grain. This

can make a difference in the mechanical properties. For instance, the acicular ferrite

structure results in a lower ductile-to-brittle transition temperature.

Figure 2.14 (a) Acicular ferrite and (b) upper bainite structures in a O.06C, O.2Si,

1.96Mn, O.42Mo, and O.06Nb steel [6] .
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A fully acicular ferrite structure exhibits high strength but paor toughness. The

introduction of a proportion of fine polygonal ferrite, up to 15 %, by lowering the finishing

temperature and increasing the amount of deformation in the austenite no-recrystallization

region, can improve the toughness [6]. Continuous yielding fol1owed by rapid work

hardening is another feature of acicular ferrite [65]. Acicular ferrite steels, produced by

controlled rolling and transformation hardening, allow the plate thickness to be increased

without the loss of toughness at the midsection. This is particularly useful for linepipe

service in severe arctic environments.

2.6 Anisotropy ofMechanical Properties

The most important metallurgical characteristics affecting the mechanical properties

are: i) the size and shape of the grains of the transformation products, ii) the size and

volume fraction of the precipitates, iii) the dislocation density, and iv) the texture. These

effects are normally taken ioto account in the expanded Hall-Petch equation [40, 61].:

(2.10)

4Jr

"'>l','
l~~

Here, YSo, the lattice friction stress, is a constant for a given structure. AYSs, the solid

solution strengthening, varies approximately linearly with the solute content in dilute

solutions [40, 66]. The texture component (l1YSr) is related to the Taylor factor and varies

with the nature and sharpness of the crystallographic texture of the ferrite grains [67].

Whereas the square root of the volume fraction of precipitates increases the precipitation

hardening increment, the precipitate size affects it inversely [41]. The yield strength

contribution attributable to dislocation hardening (AYSD) varies with the square root of the

dislocation density [68].
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In the Iiterature, although the contribution of texture to the strength of hot rolled

steels has been reported as ooly of the order of a few percent [41], its influence on the

fonnability and deep drawability of cold rolled and annealed steels and on the through

thickness ductility of plate, i.e. on the phenomenon of splitting, have been the subjects of

considerable interest and concem [69-73]. Some researchers have discussed the influence of

the texture developed by controlled rolling on the strength and toughness and their

anisotropies [21, 74-77]. One example ofhigh yield and ultirnate tensile strength anisotropy

in a sample with a sharp {OOI }<IIO> texture is illustrated in Fig. 2.15.

48

E
E
~ 46

oc
.~ 31
>-

o

(IOO}<:OII> : R.T.

30 60 90
Angle trom lolling d.reCllon Ideg.J

Figure 2.15 Anisotropies of yield and tensile strength for {DOl }<Oll> specimens

tested at room temperature. Solid curves are the theoretical curves, which

were fitted to the experimental results at the rolling direction [74].
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The texture developed in the unrecrystallized y region and/or below the Ar3

temperature consists mainly of three fibres: i) A partial fibre covering the range of

orientations between {DOl}<Il0> and {Ill}<110>, which have their <110> axes parallel to

the rolling direction (RD or a fibre). (This partial fibre contains the {113 }<110> and

{112}<110> components that contribute most to the planar anisotropy of the mechanicaI

properties [74].) ii) The ID fibre, consisting of orientations such as the {332}<113>, which

have their <110> axes para1lel to the transverse direction. iU) The so-ealled "1 fibre (or ND

fibre) for which {Ill} is parallel to the rolling plane. This third fibre is not as intense as the

other two fibres. The ND and ID fibres lead to more isotropy of the mechanical properties

[18, 23, 74].

2.6.1 Plastic An;solropy Motkls

In bec crystals, <111> is the slip direction. The {IlO}, {112} and {123} planes have

been reported as potential slip planes. For simplicity, however, the "pencil glide" model has

been used for the prediction of defonnation textures [78]. In the PG model, ail planes

containing the <111> direction are considered as potential slip systems. It bas aIso been

shown that the {IlO} and {112] planes are suffieient to deseribe plastic tlow aceurately in

bec metals [79]. There exists an asymmetry of glide along the {112} planes, the twinning

direction being the direction of easier glide; moreover there is no reason for the criticaI

resolved shear stresses (CRSS's) to be the same on the {110} and {112] planes. Therefore,

by assigning various values to the ratios:

·~f--
'.~....

and

't'{112}antitwinning
ex=

8 't'{llO}

(2.11)

(2.12)
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different situations, such as the possibility ofglide exclusively on the {IlO} or {112} planes,

the asymmetry of {112} slip, etc. can be readily simulated [80].

Flow stresses can be predicted using the Sachs [81] average or the Taylor [82] and

Bishop and Hill [83] approaches. The Sachs average assumes that the stress direction in

each grain in the aggregate is the same but that they defonn independently. Then the

averaged flow stress of the whole specimen can be calculated as the average of the Schmid

factor ofeach crystallite.

Taylor assumed that each crystallite undergoes the same defonnation as the

polycrystalline specimen. In general, five independent slip systems are necessary to allow

the deforrnation to proceed. Among ail possible combinations of five slip systems, the

combination which rninimizes the defonnation energy will be active. Bishop and Hill

showed that the Taylor least total shear concept is equivalent to their maximum work

principle, and described the analytical procedures required to evaluate the flow stress for a

textured polycrystalline aggregate.

Certain assumptions used in the Taylor theory permit the local plastic work on the

active slip system, Wq(g), to be defined [84]:

(2.13)

Here the b",'s are the amounts ofshear on the {IIO} and/or {112} planes, and as and aH

were defined in eqs. (2.11) and (2.12).
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The Mq(g) functions can be developed as a series using cubic/orthorhombic

generalized spherical harmonics, T(g), by numerical integration through Euler space. This

leads to the definition of the following coefficients [3]:

(2.14)

This mathematical formalism readily pemlÎts an averaging procedure to be applied to

the Taylor factor [3].

(2.15)

Therefore:t for a test performed at an angle 9 to the rolling directio~ we can obtain:

00 M(/)N(/) mllV( )CILV
Mq (8) = 2,L2, 1 q 1 cos2(v-l)8

1=0 IL=I v=1 21+1
(2.16)

Daniel and Jonas accomplished the minimization of Mq by a polynomial regression method

[85]. The corresponding minimum value of M q represents the yield stress (18/ 'C per unit

eRSS on the {IlO} plane.

Models intermediate to those of Sachs and Taylor-Bishop-Hill have been introduced

by a number ofresearchers [58, 86-89]. Sorne workers have proposed a modified version of

the Taylor model in which certain components of the strain rate tensor are relaxed in the

grains. AIl relaxed constraint models are based on the observation that the grains are not

polygonal:t but rather f1attened (pancaked, as in the rolling process) or elongated in one

direction (as in wire drawing).
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As a result, misfits near the type C boundaries (Fig. 2.16a) only affect a very small

volume fraction of the grains; thus the shear rate ~3 can be relaxed (Fig. 2.16b). The next

component ta he relaxed is the shear rate ~3' causing misfits near the type B boundaries.

These are two possible RC models in addition ta the FC (full constraints or Taylor)

model [87]. Note that when:

(i) tu is relaxed, four geometric constraints, pertaining to the four activated slip

systems, are left in the Taylor-Bishop-Hill theOl"y. This has been called the lath model [87].

(U) both ~3 and ~3 are relaxed, as in the pancake model, three active slip systems

are ca1led for. This model, which was fust introduced by Honneff and Mecking [86], has

been employed by Many researchers for the prediction ofrolIing textures.

Another relaxed constraint model, referred to as the RC2 mode), in which ë12, Ën

and ~3 are relaxed, was used by Tavard and Royer [89] for the prediction of r-value in fcc

metals. AIl these models cao be employed in the calculation of R-values and in predicting

the anisotropy ofthe yield stress.

d

x,

a

x,

b c

Figure 2.16 Schematic representation of a flat grain in a rolled sheet. Xl is the rolling

direction, "J is the sheet plane normal [87].
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Experilnental Work

3.1 Intl'oduction

The effect of the thermomechanical processing conditions on texture development

and on the anisotropy of mechanical properties was investigated by carrying out systematic

experiments to determine the influence of the most important parameters. Sorne of these

parameters were chosen to simulate the rolling conditions at IPSCO. The evolution of the

microstructure, texture, and meehanical properties during thermomeehanical processing was

studied in four separate sets ofexperiments. These were associated with:

1- Thermomechanieal processing

II- Microscopie observations

m· Texture measurements

IV- Mechanical testing
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In this program oftests, the controlled rolling of plate was simulated on the pilot mi11

scale at the MTL laboratory of CANMET in Ottawa. This process was designed so that the

effect of the rolling conditions on texture development and on the mechanical properties

could be studied at the McGilllaboratories. In the sections below, the materials used will be

introduced, after which the above four stages of the experimental work will be described.

3.2 Materials

The materials used in this investigation were two niobium microalloyed pipeline

steels, designed to satisfy the requirements for the X-70 and X-80 grades. They were

provided by IPSCO from continuously cast slabs which had been produced on a commercial

scale. The chemical compositions ofthese steels are shawn in Table 3.1.

This list is based on rnicroprobe analysis carried out on a sample prepared trom the

center ofthe slab. The slab was cut into six pieces, each 150mm long=, which were labeled A

to F. The pieces were then eut into eleven blocks, each ofwhich was lS0mm wide, Fig. 3.1.

AlI the blocks were machined on their tops and bottoms to reduce the slab thickness from

200mm to 150mm.

Table 3.1 Chemical compositions ofthe continuously cast steel slabs, wt.%.

El.
Steel C Mn Si Nb Cu Ni Cr Mo Ti AI S P N

X-70 0.041 1.66 0.26 0.065 0.25 0.12 0.05 0.20 0.026 0.043 - - 0.009

X-SO 0.038 1.84 0.28 0.091 0.42 0.13 0.06 0.25 0.017 0.045 0.003 0.011 0.0092
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Figure 3.1 Matenal preparation from the slab.

3.3 Thermomechanical Processing

In this work, thennomechanical treatment includes both controlled rolling and

accelerated cooling after rolling. The controlled rolling was designed to investigate the

effects of prior austenite grain size, amount of austenite pancaking, and ferrite roUing in the

two phase region on the anisotropy. The effect of the y-to-a transfonnation texture on the

anisotropy of mechanical properties was studied by accelerated cooling of the plates after

rolling. This was perfonned by water spraying on the mn-out table after rolling. For each

controlled rolling condition, one sample was also air cooled for the sake ofcomparison. Fig.

3.2 illustrates the general TMP schedule employed.

For purposes ofcontrolled rolling design, it was necessary to determine the exact Tm

(recrystallization stop temperature) of the austenite, Ar3 (the y-to-a transfonnation start

temperature), and Arl (the y-to-a transfonnation finish temperature) temperatures for the

steels. This was done both by using the empirical equations available in the literature

[90,91], which are based on chemical composition considerations, and by using the

laboratory torsion test method developed at McGill [92,93].
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* Reheating for 3 hours

*Finish Rolling
~ above the An
~ in the (a + y) region

*Reduction
~ 9()OAJ during 17 passes

Rapid Air
Cooling

Figure 3.2 TMP schedule employed for the experimental work.

3.3.1 Measuring the Critical Temperatures

The critical temperatures associated with the hot defonnation ofaustenite have been

measured by a diverse range of laboratory techniques. For instance, multi-pass torsion

testing [92] and compression tests [94] have been utilized to characterize the

recrystallization behaviour of niobium steels. The 'Y-to~a. transformation temperature (Ar3)

has also been determined by thermal analysis [95], dilatometry [96], continuous eooling

compression testing [97], and even by texture measurements [98]. In this study, simulation

of the rolling conditions in the pilot mi11 was achieved by using multi-pass torsion testing as

a good technique for measuring both the TDr and the An. The data obtained from the

torsion tests were then used to design the controlled rolling experiments. Torsion tests were

performed on both the X-70 and X-80 pipeline grades, the chemical compositions ofwhich

were presented in Table 3.1 .

..~~
i'~

;j!,...
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The torsion tests were carried out on a servo-hydraulic instrumented torsion testing

machine, which is mounted on a lathe base and is used for the simulation of hot rolling. On

this machine, the specimen is connected to the rotating hydraulic actuator at one end and is

fixerl into a grip at the other end. The rotational displacement ofthe actuator is measured by

a potentiometer and is provided to the computer controller as the feedback signal. A torque

ceU is located next to the grip ai the other end of the specimen to measure the developed

torque. The specimen was located in a quartz chamber and was heated up in a four-element

radiant fumace. An Eleetromax process controller, which was coupled to a process

programmer, was used to control the temperature. The temperature was detected by a K

type Chromel-Alumel shielded thennocouple, which was in contact with the specimen on the

gauge length close to one shoulder.

A TestStar workstation interface of the MTS system was used to record the twist

and torque as well as the temperature. A microcomputer was connected to the digital

controller of the TestStar to acquire the data and execute the test. The computer programs

used for running the tests were designed using the MTS TestWare SIX application software,

which provides a set of procedures that are put together into a series of logical steps to

perform the test. The controller channels employed, command signais generated and the

data acquisition activities performed are determined by the various steps ofthe program.

3.3.1.2 Torsion Test Methodfor Determilling the Critical Temperatures

In multi-pass torsion tests, time is usual1y the controller channel that provides the

command signais to the machine [92]. In the series of torsion tests that were performed in

this study, for the fust time, a temperature control program was utilized instead of the

interpass time control program to make sure that the deformation at each pass is performed

at the temperature shown in Table 3.2. In the program template, temperature was chosen as
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the control channel. In tbis way, it was possible to simulate more precisely the temperature

schedule of rolling at the pilot mill.

The conditions of pilot mill rolling (which represent in tum the rolling conditions at

IPSCO) were simulated by employing a 17 pass torsion test. Sïnce the amount of spread

during each rolling pass was negligible, a von Mises factor of 1.155 was used to represent

the strain under the plane strain conditions. The rolling defonnation schedule and the

simulated multi-pass torsion schedules are presented in Table 3.2. Standard torsion

specimens, Fig. 3.3 , were used for the torsion tests.

From the twist angle, torque, and temperature data acquired by the data file, the

equivalent stresses and strains were calculated according to the following equations:

J3(3+m+n)
CJrq = 2w3 M

(3.1)

(3.2)

where D is the gauge diameter, 8 is the rotation angle (in radians), 1is the gauge length, and

M is the developed torque. m and n are two test parameters that were given constant

values, of 0.17 and o. 13, respectively, according to usual laboratory practice [99]. The

Mean tlow stress (MFS) at each pass was taken to be the area under each a-e curve divided

by the strain:

(3.3)

where (t;, -ea ) is the equivalent strain of the pass ofinterest. A curve ofmean tlow stress

versus inverse absolute temperature was then drawn and the critical temperatures were

determined from the points of slope change on the curve.
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Torsion Schedule X-70 X-SO

Rolling Schedule Twist Reheat Temperature, oC

Angle
1225 1275 1150

Pass
Red., % (radians)

Higb Low High Low High Low
2eq

No. FRT FRT FRT FRT FRT FRT

1 8 0.10 1.16 1160 1160 1185 1180 1145 1140

2 Il 0.13 1.60 1140 1140 1160 1150 1130 1115

3 Il 0.13 1.61 1120 1120 1135 1120 1120 1090

4 Il 0.13 1.62 1110 1110 1110 1090 1110 1065

5 Il 0.14 1.68 1080 1080 1090 1060 1090 1040

6 Il 0.14 1.68 1065 1065 1070 1030 1070 1020

7 12 0.15 1.76 1050 1050 1050 1001 1050 1000

8 12 0.15 1.76 1030 1030 1030 990 1030 980

9 13 0.15 1.86 1010 1010 1010 970 1010 960

10 13 0.17 2.00 990 990 990 950 990 940

Il 14 0.17 2.08 970 970 970 930 970 920

12 13 0.17 2.00 950 950 950 900 950 900

13 17 0.21 2.58 930 860 900 820 900 820

14 18 0.23 2.80 890 820 870 790 870 790

15 20 0.25 3.05 860 780 840 760 840 760

16 18 0.23 2.77 820 740 810 730 810 730

17 20 0.25 3.05 790 700 780 700 780 700
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Figure 3.3 Geometry ofthe standard torsion specimen (ail dimensions in mm).

3.3.2 Control'ed Rolling

The controlled rolling was performed on a two-high, single stand, reversing mill. A

general view of the pilot mill is presented in Figure 3.4. A Park Thermal programmable

heating fumace with a maximum temperature of 1275 oC was used ta soak the blocks for

three hours before ro1Iing. The rol1ing trials were operated at 1 m S·l (4S rpm) roll speed

with 470 mm diameter and 457mm length working roUs. Computerized data acquisition for

load, torque, voltage, current, speed, roll gap, temperature, and time was employed for

almost ail the ro1Iing trials.

Monitoring of the temperature during the rolling tests was done using thermocouples

inserted into the bodies of the blocks. A 3.2 mm diameter hole was drilled aImost 5 cm deep
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ioto the side of each black at its mid-plane. Before loading the block into the fumace, a 3.2

mm diameter stainless steel pin was inserted into that hole. On removal of the slab from the

reheating fumace, the pin was replaced by a K-type Chromel-Alumel thermocouple. A.

schematic sketch of the thermocouple position is illustrated in Fig. 3.5. The thennocouple

was directly connected to an electrical sensor for temperature data acquisition by the

computer. During the first rolling pass, the thermocouple was pressed and firmly embedded

into the side of the block; it then continued to give a direct measure of the block-plate

temperature during the controlled rolling and subsequent cooling process.

The position of the thennocouple at the exact mid-section of the plate and neac the

lateral centre of the block ensured that the readings were uniform in ail the samples.

Moreover, frorn their study of the through-thickness cooling gradient, Ruddle et al. [100]

concluded that the temperature recorded at the center-thickness is representative of that

throughout the plate thickness except for the near-surface regions.

Figure 3.4 A general view of the pilot mill at CANMET.
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Figure 3.5 Schematic illustration of the position of the thermocouple in the block.

The controlled rolling conditions consist primarily of the soaking temperature, the

strains, strain rates and interpass times associated with the individual passes, and the finish

rolling temperature. To simulate the industrial operation, the number of passes and the

amount of reduction per pass were kept the same as employed in the draft schedule of the

IPSCO mill. These were presented in Table 3.2. Interpass times of 15 to 30 seconds for

roughing and 40 seconds for finishing were used, which were based on a cooling rate of 1

oC S·I for the plate. To investigate the effects of above rolling parameters, two reheat

temperatures and two finish rolling temperatures were chose~ as already described above.
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The following two considerations played a role in selecting the appropriate reheat

temperature:

- the effect ofniobium in solution on retarding recrystallization;

- the effeet ofaustenite grain size before rolling.

Reheat temperatures were therefore chosen based on existing empirical equations for

the dissolution temperatures of niobium carbide and niobium nitride in niobium steels. The

solubilities ofNbC, NbN, and Nb(CN) are given by equations (3.4), (3.5) [101], and (3.6)

[102], respectively.

-7920
log[Nb][C]o.s1 = 3.40 + T

-7920
log[Nb][N]°·s7 = 2.86+ T

12 -6770
log([Nb][C+ 14 N]) = T +2.26

(3.4)

(3.5)

(3.6)

The estimated dissolution temperatures for NbC, NbN, and Nb(CN) in the X-70 and

X-SO steels along with the reheat temperatures chosen for each case are shown in Table 3.3.

The soaking times (almost three hours for ail cases) in the fumace were selected to produce

almost uniform austenite grain sizes.
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Table 3.3 Reheat temperatures chosen based on the estimated dissolution temperatures of

NbC, NbN, and Nb(CN).

Steel Estimated Dissolution Temperature, oC Reheat Temperature, oC

Nb(CN) NbC NbN

X-70 1149 1090 1085 1225

X-SO 1186 1025 1023 1150 1275

3.3.2.2 Finish Rolling Temperature

The amount of pancaking of the austenite and ferrite phases has a great influence on

sharpening the texture, either during transformation or by the development of further

deformation textures during ferrite roUing. The choice of finishing temperature is therefore

an important parameter in the design ofcontrolled rolling schedules. Here, to investigate the

effect of finish rolling temperature, the tirst temperature was selected to be above the Ar3

but below the Tor (the no-recrystallization temperature), and the second was placed in the (y

+ a) intercritical region. To fulfill these conditions, one high FRT at 790 oC and one low

FRT at 730 oC were chosen for the X-70 steel. The finish roUing temperatures for the X-SO

steel were selected as 780 oC and 690 oC.
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The total reductioo employed 00 ail the plates was about 90%, which is equal to a

von Mises strain (equivalent straio) of 2.8. The number of passes and the amount of

reductioo per pass were also the same for ail plates, see Table 3.4. The strain rate at each

pass was calculated using the following equation [103]:

(3.7)

where u, =21tRn, n is the revolutions per second (rps), and r =(ho -h, )/110. The roll

radius and rolling speed were R=235 mm and n=400 (rpm) or 9.6 (rps).

To determine whether rolling took place under plane strain conditions, i.e. with

minimum spread, the amount of spread at each pass was calculated using eq. 3.8, in which

Lp was estimated as Lp =.JRAIl [103]:

(3.8)

where R and NI are the roll radius and amount of reduction at each pass, respeetively. Wo is

the width of the plate before each pass. The results obtained in this way are iIlustrated in

Table 3.4. As can be seen, after pass number 8, which is above the TM ofthe X-70 and X-SO

steels, the amount of spread is about 8%. This confinns that the pancaking defonnation of

the plates was performed under plane strain conditions.
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Table 3.4 Schedule ofpass strains and strain rates.

Pass Mill Reduction True Equivalent Spread Strain

No. Setting, PerPass, % Strain Strain (S) Rate, S·1

mm

1 116.8 8 0.08 0.10 0.28 2

2 104.1 Il 0.12 0.13 0.26 2

3 92.7 Il 0.12 0.13 0.25 2

4 82.5 Il 0.12 0.13 0.25 3

5 73.1 Il 0.12 0.14 0.17 3

6 64.8 Il 0.12 0.14 0.23 3

7 57.1 12 0.13 0.15 0.16 3

8 50.3 12 0.13 0.15 0.15 3

9 44 13 0.13 0.15 0.07 4

10 38.1 13 0.14 0.17 0.08 4

Il 32.8 14 0.15 0.17 0.08 5

12 28.4 13 0.14 0.17 0.08 5

13 23.6 17 0.19 0.21 0.07 6

14 19.3 18 0.20 0.23 0.03 7

15 15.5 20 0.22 0.25 0.03 8

16 12.7 18 0.20 0.23 0.03 8

17 10.2 20 0.22 0.25 0.03 10

Initial thickness ofthe plate: 127 mm Total Strain: 2.90

Final thickness orthe plate: 12.5 mm
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Table 3.5 Rolling and cooling schedule for the X-70 high FRT samples.

TMP Schedule

Reheating at 1225°C
Finish RoUing at 790°C

Cooling Rate, oC S·1

Air

Pass
No

Desired Pass
Temperature

Cooled 20 6

Actual Rolling Temperature, oC

1 1160 1200 1194 1199

2 1140 1139 1140 1139

3 1120 1121 1121 1120

4 1110 1100 1100 1100

5 1080 1078 1081 1080

6 1065 1065 1065 1064

7 1050 1050 1050 1051

8 1030 1029 1030 1030

9 1010 1010 1010 1010

10 990 988 990 991

Il 970 969 ~IIIIIIIIIIIII 970

12 l~I~~!llij!I!~!lII!~I~llilll~I!JIIIIJIJII;~UIIII!l11111111111;llilililllllinlllllllllllllllllllllllllllll:ililllllllllll~li~II;~!;il~l~jll!j~l:
13 jli~11:~~11~ii~lii~II~~1111~~~iii~i~~~li~1ll!~ii!!Iii~li!iiiiiilllil;iill!iilliil~iilliiiiiiiiililliliiiilliiili: ili;liliilii!~iillil~!!~i~lli!!~I!
14 1Iiiiiliiil!lllllll!illi!!itl!!iillll!!lllllllimm!!1111111111!!!!!II!!!!!!!!!!!!!!!lll!ll!!!!!!!l!!!!l: !!!!illllllllllll.ll!ll~llll!ll:
15 !llflllfflllll!lflfffllllilliififflfliil!llli ilfflflllillllllfl!~lll~l~llllll~III!III!.~lllflllllllli ~111I~ll!IIIII.lllllllljlll!li
16 :i~nlllillii;l~i;;lr~.lli;lllliiiililllllllll!ltililiiiiiitlllllllilliliitili ilillillilililillillltllilliil: 11iiliiilllljIIIII1111Iil;~1111111!
17 ii~iil~Jit~~i~~~iiiillliii!~III!!ilii~ilil~lJillii~iiii11!#I~i~iili!iIJI~lliiliiil!liii~I.I!ililiil~~llfiIJJli~lllll!ilfililllli!j~!lJljli.

1 Actual Cooling Conditions 1

Cooling Start Temperature, oC

Coolïng Stop Temperature, oC

Cooling Rate, oC 5-1

770

625

25

770

620

5
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Table 3.6 Rolling and cooling schedule for the X-70 low FRT samples.

TMP Schedule

Rebeating at 1225°C
Finish Rolling at 730°C

Cooling Rate, oC S-1

Air

Pass
No

Desired Pass
Temperature

Cooled 20 6

Actual Rolling Temperature, oC

1 1160 1198 1190 1196

2 1140 1141 1141 1140

3 1120 1120 1121 1120

4 1110 1100 1100 1100

5 1080 1079 1080 1079

6 1065 1065 1065 1064

7 1050 1050 1050 1050

8 1030 1030 1030 1030

9 1010 1009 1010 1009

10 990 989 990 990

Il 970 970 969 969

12 ~11!lllllll~II~llllllllllllllllllillllllllllll: llillillillllllllllllillilllili jlllilliilllllllllllli:lllillii ~l!!llllllllllllililllllllll!i!li
13 ~~!llll!III~~I!~I!!!~~III!!~I!!!~IIIIII!I!!I~ iil!II~!I~I!I~I'I!II!!i!~I!!!!: 111!!II!I!~ll~I.!I]!!!!I!II!!! llli~llllll!I![I.I;II;II!IIIIII:
14 !!lllilllllllllllllllIIHlllllllllllllllillll: lllllllllllllllllllllllllliit :llllilllllilllllllllllllllll!111111111111111111111111lilll~1lll
15 1111111111111~11111111.1I1111~111111111!!11111111111111111.~111111111111i :11111111111~lllllllllll~lllllllll~IIIIII!~liI1111!ill!111~11
16

17

Cooling Start Temperature, oC

Cooling Stop Temperature, oC

Cooling Rate, oC S·l

730

600

21

715

620

6
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Table 3.7 Rollin~ and coolin2 schedule for the X-80 hiKh RT and hiJ!h FRT samples.

TMP Schedule Cooling Rate

Reheating at 1275°C
Finish RoUing at 780°C Air

Cooling Interruption Temperature, oCPass

No.

Desired Pass

Temperature

Cooled

620 520 420 620 520 420

Actual Rolling Temperature, oC

1 1185 1210 1200 1197 1175 1175 1190 1210

2 1160 1160 1161 1160 1160 1160 1159 1160

3 1135 1135 1135 1135 1135 1136 1135 1135

4 1110 1111 1110 1110 1110 1110 1110 1110

5 1090 1090 1090 1090 1090 1090 1090 1090

6 1070 1070 1070 1070 1070 1070 1070 1070

7 1050 1050 1050 1049 1050 1050 1050 1050

8 1030 1030 1031 1030 1030 1030 1030 1030

9 1010 1011 1009 1010 1010 1010 1009 1011

Actual Cooling Conditions after Rolling

Cooling Start Temperature, oC 771 767 765 770 768 765

Cooling Stop Temperature, oC 623 530 435 615 510 435
:-

Cooling Rate, oC S~l 43 47 47 22 19 19.{
:...
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TMP Schedule

Reheating at 11500C
Finish Rolling at 7800e Air

Cooling Rate

COOIiDg Interruption Temperature, oCPass

No.

Desired Pass

Temperature

Cooled

620 520 420 620 520 420

Actual RoUing Temperature, oC

1 1145 1148 1145 1150 1155 1150 1146 1136

2 1130 1130 1130 1130 1140 1131 1131 1130

3 1120 1120 1121 1120 1130 1120 1120 1120

4 1110 1110 1110 1110 1120 1110 1110 1110

5 1090 1090 1090 1090 1090 1090 1090 1090

6 1070 1070 1070 1070 1085 1070 1069 1070

7 1050 1050 1050 1050 1050 1050 1050 1050

8 1030 1030 1031 1030 1030 1030 1030 1030

9 1010 1011 1010 1011 1010 1009 1010 1010

Actual Cooling Conditions after RoUing

Cooling Start Temperature, oC 760 770 763 770 766 768

Cooliog Stop Temperature, oC 610 518 430 650 520 390
....

Coolïng Rate, oC S-1'{ 37 55 55 26 27 20>I..~..
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Table 3.9 Rolling and cooling schedule for the X-SO high RT and low FRT samples.

TMP Scbedule Cooling Rate

Reheating at 127SoC
Finish RoUing at 690°C Air

Cooling Interruption Temperature, oC
Pass

No.

Desired Pass

Temperature

Cooled

620 520 420 620 520 420

Actual RoUing Temperature, oC

1 1180 1175 1183 1186 1198 1180 1180 1192

2 1150 1150 1151 1150 1155 1150 1150 1150

3 1120 1120 1120 1120 1120 1120 1120 1120

4 1090 1090 1090 1090 1090 1090 1090 1090

5 1060 1060 1060 1060 1060 1060 1060 1060

f'
'r~~~.... 6 1030 1030 1030 1029 1030 1030 1030 1030

7 1001 1010 1010 1010 1009 1010 1008 1010

8 990 990 990 990 990 990 990 990

9 970 970 968 970 969 970 970 970

10 !1~lllllllllllllllllllllllllllllllilllllllllfllll.11111111 !!III!:II~I~111 !IIIIIII~IIII!: lllillilllilf 1illl:~lllllllil ~llillllllllll: ]~IIIIBII!jll~11
Il ·1~11111111!lllllilllilllllllllllllllllllllllllllll.11llillilllllllllflill1I11111111ll illlilliliitii: 1111111111lilili !lllll.!!!" j~II!I.I.II[jlll
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15 !111111111!!IIII~illlll!!llllllllllllllllllll;1111~~!~~i~~1~~~!~llllllllj Illll.~11~11111!111111!~1111!!.II!11 !IIIIIIIIIIIII :Iiiii.lt~~~~
16

17
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i1~~1~;;)i~~~;:j;~%~m;r:~~:;~m~i~i ]mli1h~~~:~®~~1 ~il~:~~~~~ii~i~ il~~~t~;~~ti~ l~fu~~~ijm~ ~\ij~t~~1t~~;~~i ~i:~t~~:r!~1(1 J;;ii~rl~il

Actual Cooling Conditions after RoUing

Cooling Start Temperature, oC 691 686 691 690 689 689

Cooling Stop Tempenture, oC 597 510 450 613 510 400

CooIing Rate, oC S·1 37 49 50 28 28 18~r",
'::,
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Table 3.10 Rollin and coolin schedule for the X-80 low RT and low FRT sam les.

TMP Schedule Cooling Rate

Reheating at 11500 C
Finish Rolling at 690°C Air

20 oC 5-1

Cooling Interruption Temperature, oC
Pass

No.

Desired Pass

Temperature

Cooled

620 420

Actual RoUing Temperature, oC

1 1140 1140 1150 1150 1145 1070 1138 1146

2 1115 1114 1115 1115 1116 1067 1116 1115

3 1090 1090 1090 1090 1090 1062 1090 1088

4 1065 1065 1065 1064 1066 1059 1065 1065

5 1040 1040 1040 1040 1040 1040 1040 1040

fi 1020 1020 1020 1020 1020 1019 1020 1020

7 1000 1000 1000 1000 1000 1000 1000 1000

8 980 980 980 980 980 980 980 980

17
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Actual Coolïng Conditions aCter RoUing

Cooling Start Temperature, oC 689 690 689 688 683 689

Cooling Stop Temperature, oC 610 550 445 630 500 420

Cooling Rate, oC S·I 39 40 37 9 12 13
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Accelerated cooling was perfonned on the MTL on-line accelerated cooling (OLAC)

system at CANMET. This system was designed to operate in conjunction with controlled

rolling operations on the pilot mi1l. After the final rolling pass, the steel plates destined for

accelerated eooling were fed into the eooling ehamber ofthe OLAC system along a series of

srnall conveyor roUers. At the same time, the water flow was eommeneed immediately. A

means was used to oseillate the steel plate baek and forth to aehieve unifonn eooling of the

steel plates.

A schematic diagram of the OLAC system is shown in Fig. 3.6. In Figure 3.7, the

spray nozzles (Fig. 3.7a) and their sehematic layout (Fig. 3.7b) are illustrated. The eooling

system consisted oftop and bottom double banks ofspray nozzles, whieh provided angularly

directed fan shaped water sprays inelined at 45° to the plate. In the chamber, eooling water

was delivered to the top and bottom surfaces of the horizontal plate at a full flow rate

through the conica1-spray nozzles, which provided turbulent-flow cooling, Fig. 3.7b. The

cooling rates in the plate were controlled by appropriate selection of the nozzle sizes, i.e. by

the rate ofwater flow through the nowes.

The procedure from the last pass to the onset of cooling required about 14 s during

which heat was lost at air eooling rates of less than 1 oC S·I. For a1l the rapidly cooled

plates, the eooling start temperature was therefore almost 15° below the finish rolling

temperature.

In this wor1e, another important parameter that affects the morphology of the bainite

and other products ofaceelerated eooling, i.e. the eooling interruption temperature, was a1so

studied. By monitoring the temperature of the plate through the embedded thermocouple,

the plate was withdrawn from the water spray at an appropriate time to achieve the desired
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interruption temperature. After the interruption of accelerated cooling, the plates were

allowed to cool by natura! air convection to ambient temperature.

From the continuous cooling temperature (CeT) diagrams applicable to the X-7D

and X-SO steels, which were determined by dilatometry [106, 107], cooling rates and

cooling interruption temperatures were chosen as listed in Table 3.11. These were the

cooling conditions applicable ta each case ofcontrolled rolling illustrated in Table 3.2. Each

interruption condition was expected to lead to difIerent percentages of the product phases,

together with different morphologies, crystallographic features, and textures. By means of

this experlmental procedure, it was possible to study the relationships between the ditrerent

microstructures, textures, and mechanicaI properties.

~
TWO UPPER WAlER HEADEAS

EACH _ITH 8 SPRAY HOULES

PNEUMATIC OSCILLATOR \NCLOSURE

PNEUMATIC GRIP
RUNOUT CONVEYOR

FAOM HOT MIL7

00000

CONVEYOA ROLLS AND GUIDES
AT EDOES OF PLATE

LOWER WliTER HEADERS

S'DE VIEW END VIEW

Figure 3.6 Schematic diagram ofthe OLAC system at CANMET [104].
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;f-'...

Steel Cooling Rate (CR), oC S·1 Cooling Interruption
Temperature (CIT), oC

AirCooled -
X-70 6 620

20 620

AirCooled -
620

20 520

X-SO 420

620
40 520

420

Cooling rates were measured between the cooling start and stop temperatures by

interpolation on the cooling curves. The cooling curves were obtained from both multi-pen

charts and computer data recordings of the thermocouple readings.

Sïnce the water spray cooling system was controUed manually, it was diflicult to

reproduce desired conditions of accelerated cooling with regard to both the cooling rate and

cooling interruption temperature. A spread of ±8 °C/s was therefore considered acceptable

for each cooling rate and ±30 oC for each cooling interruption temperature.
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16 NOZZLES: 2A3m (8ft)

ISOmm .i.. 150 mm ...1

... ( 6 in) ( 6 in )

(a)

(

(b)

TOP OF PLATE

BOT TOM OF PLATE

NOZZLES

•
SPRAY PATTERN

NOZZLE ELEVATION APPROX. 91n FROM TOP AND BOTTOM OF PLATE
WATER SPRAY AT ANGULAR INCIDENCE Ta PLATE SURFACE

Figure 3.7 (a) General view of the positions of the nozzles in the QLAC system, (b)

schematic plan view of the locations of the upper and lower spray nozzles

and of the pattern ofimpingement ofthe water on the plate

fiT
'i
~.~ .
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The microstructures of the materials produced by controlled rolling and accelerated

cooling were analyzed by optical and electron microscopy. Generally, very fine

microstructures developed in the rapidly cooled samples composed of various

transformation products. In most cases, although acicular ferrite was the dominant phase in

the microstructure, bainite and martensite, whose volume fractions depended on the cooling

stop temperature and cooling rate, were also present. The characteristics of these ' u ...·t··":.'

microconstituents were studied by both scanning and transmission electron microscopy.

3.4.1 Sample Preparation

After rolling and cooling to ambient temperature, samples for microscopy (both

optical and electron) were seleeted from the plate mid-width close to the position of the

thermocouple, Fig. 3.8. Piece 1 was used for texture rneasurement and the sample

preparation for that portion will be described in the relevant section below. Piece 2 was cut

using a band saw so as to provide the longitudinal section (parallel to the rolling direction);

it was then ground using 120, 240, 480, and 600 grit silicon carbide grinding papers. Next,

each sample was polished using 6 and 1 micron diamond pastes on a rotary plate. Polishing

using a suspension of alumina powder was performed as the final preparation stage before

etching. The same sample was used for scanning electron microscopy.

In sorne cases, a combination of three micrographs taken along the rolling,

transverse, and normal directions was used to provide a three-dimensional view of the

microstructure. For this purpose, piece 3 in Fig. 3.8 was prepared using the same method as

for piece 2, albeit on the transverse section parallel to the transverse direction of the plate.

Piece 4 was also rnachined on the normal plane (paral1el to the rolling plane) by milling
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down to a thickness 0.3mm thicker than the halfthickness of the plate. Then it was ground

and polished to the exact half thickness within ± 0.1 mm.

For transmission electron microscopy, thin foils were prepared from slices about 400

IJ.m thick taken from the mid-section ofthe plate. These had been machined by rnilling from

piece 5, Fig. 3.8, parallel to the rolling plane from the top and bottom sides. The slices were

tirst ground to a thickness of 120 to 150 J.1rn using the 480 and 600 grit silicon carbide

papers. They were then cut into disks of 3mm diameter with the aid of a punch. At this

stage, a Struers Tenupol-2 jet-electropolisher was employed to produce perforations at the

centres of each disk. An electrolyte solution of 10% perchloric acid and 90% methanol was

used at temperatures of less than 30 oC. For the steels studied here, a potential of 30V, a

high photosensitivity setting of the perforation detector, and a medium flow rate of

electrolyte were found to provide the optimum thinning conditions.

Piece 1 (texture specimen)
Piece3
(transverse section)

TD~
RD

Piece 2
(longitudinal section)

Piece 4
(normal plane)

Plate thickness

PieceS
(TEM specimen)

Figure 3.8 Schematic view of plate sections employed for preparation of the texture

and microscopy specimens.
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The samples polished on the longitudinal cross section were chemically etched with a

solution of 2% nital. As a result, the ferrite grain boundaries in the air cooled plates and

aImost ail the acicular ferrite grain boundaries in the rapidly cooled plates were revealed. In

this way, it was possible to compare qualitatively the general microstructures of the plates

processed under the present wide range of TMP conditions. This was done using a

NEOPHOT 21 optical microscope, which was connected to a computer so that the images

could be saved as graphies files. Due to the typical morphology of acicular ferrite, it was

not possible to have a quantitative measure of the ferrite grain size, except for the air cooled

samples, in which a high percentage ofpolygonal ferrite had developed.

3.4.3 Scanning Electron Microscopy (SEM)

For SEM metallography, the longitudinal section samples used for optical

rnicroscopy were further etched with nital to provide more contrast. A JEOL JSM-840A

scanning electron microscope was utilized to obtain better resolution of microconstituents

such as bainite and acicular ferrite. The secondary eleetron mode with 20 kV accelerating

voltage and a medium working distance were employed in almost all cases. However, in

sorne cases, the worl~ingdistance was reduced to increase the contrast.

3.4.4 Transmission Electron Microscopy (TEM)

Metallographie examination by transmission electron microscopy was carried out in

order to characterize the bainitic microstructures in the rapidly cooled samples. Two

transmission electron microscopes were used for tbis purpose: a JEOL-IOO eXIl
transmission microscope with a maximum accelerating voltage of 100 kV and a Phillips

CM20 with an accelerating voltage ofup to 200 kV.
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In order to study the relationship between the microstructural characteristics of the

thennomechanically treated plates and the orientation densities of the grains, texture

measurements were performed by the x-ray reflection Methode AIl the texture measurements

were carried out using a Siemens D-SOO x-ray goniometer. A description of the x-ray

goniometer is given in Ref. 9. Using the back reflection method, pole figures were measured

on the samples prepared from the mid-sections of the rolled plates on a surface parallel to

the rolling plane. The same location was used for aU samples for consistency.

3.5.1 Sample Preparation

Texture specimens were machined from samples at the centers of the plates. For all

plates, piece 1, Fig. 3.8, was machined by milling down to the half thickness plus 0.3mm.

Then it was ground gradually with the aid of 120, 240, 480, and 600 grit silicon carbide

papers and polished using 6 and 1 micron diamond pastes. Finally, electropolishing was

performed to remove any matena! deformed during polishing. The optimum conditions for

producing shiny surfaces were: a current of 1.5 A, a voltage of 20 V, and a time period of

80 seconds. By means of this method, almost 50 J.Lm of the material was removed from the

top surface, leaving the sample section within ± 0.1 mm of the exact half thickness of the

plate.

3.5.2 Pole Figure Meas"rement

The pole figure measurements were performed by x-ray diffiaction using the back

reflection technique. Three incomplete pole figures, which are nonnally based on the (110),

(200), and (211) reflections for bec materials, were rneasured using Mo-Km x-ray radiation.

ODF's were calculated from the experimental pole figure data by the series expansion
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method. A user-mendly software [107] was used for the texture calculations and plotting

the graphs.

3.6 Mechanical Testing

As mentioned in Chapter Two, it is weil known that the relatively large

directionalities of strength and toughness obselVed in control-rolled HSLA steeIs are c10sely

related to their textures. For the purposes of the present investigation, a semi-quantitative

relationship was therefore established between the texture and the anisotropy of strength and

impact strength ofthe acicular ferrite containing HSLA steels. This was done by measuring

the yield strengths of the thermomechanically processed plates a10ng different directions

with respect to the rolling direction. The yield strength was measured by the 0.2 % offset

method because almost ail the samples appeared to display continuous yielding due to their

acicular microstructures. The impact test results are not presented in this thesis, so that

experimental methods employed for these tests are not described here.

3.6.1 Sample Preparation

AlI samples for mechanical testing were prepared from the area shown in Fig. 3.9 to

ensure reasonable unifonnity of conditions such as the strain state and temperature during

thermomechanical treatment. For this purpose, 35 cm of the tail and head of the plate were

discarded, together with 2cm ftom the edges. Flat samples were machined trom the top and

bottom sides ofthe plate to a thickness of5 mm at its centre.
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Figure 3.9 Preparation of mechanical testing samples from the central regions of the

plate.

In order ta investigate the strength anisotropy, tensile test samples were machined

from the plates along inclinations of 0°, 22.5°, 45°, 67.5°, and 90° with respect to the rolling

direction. Three ta five tensile samples were prepared for each direction. The dimensions of

the subsize flat samples machined according to ASTM standard E8M are shown in Fig. 3.10.

As a110wed by ASTM E8M, a taper of nearly 1% was fashioned a10ng the gauge

length of each sample toward the center so as to induce a weaker cross section within the

gauge length and to ensure that the sample broke within the gauge length. The shoulders of

the specimens were arbitrarily extended to 3 cm length in arder ta increase the contact

surface with the grips. The tensile tests were carried out on an instrumented MTS machine.

A special MTS extensometer was used for measuring the elongation precisely.
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Figure 3.10 ASTM subsize flat tensile specimen [108] (aU dimensions in mm).

3.6.2 Tensile Testing

3.6.2.1 Temile Test Technique

A closed-Ioop servo-hydraulic MTS machine with a capacity of 100 kN was used for

tensile testing. Displacement of the actuator was measured from the output of a linear

variable differential transfonner (LVOT) with a total linear range of ±SOmm. Loads were

measured using a 50 kN (lOs lb.) load cell at its full range. Data acquisition and control

were performed by means of a personal computer coupled to the MTS TestStar workstation

interface. The TestStar workstation includes the TestStar software, a load unit control

panel, and a digital controlIer, Fig. 3.12. The TestStar software was run on the OS/2

operating system on the PC, and employed to provide a graphical user interface for overall

system control. The digital controller acted as an interface between the computer and the

rest of the system. The digital controller controlled test command generation, the servo

control functions, data acquisition and signal conditioning. The load unit control panel

(LUC) helped the operator to control the hydraulics ofthe load unit, Fig. 3.12.
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A template in the Testware-SX software, which is a set of written commands,

consists of a11 the logical steps required to perform a digitally controlled test. AIl the tensile

tests were perforrned at room temperature. In addition to the displacement records, a

special MTS extensometer with a 25 mm gauge length was used to record the precise

elongation of the gauge length. The extensometer was also connected to the controller and

elongation data (mm/mm) were acquired directly by the data file. Time, displacement, and

force were the other data which were acquired every 2 seconds and transferred to the data

file. These data were then analyzed using the Windows Excel software.

3.6.2.2 Tensile Testing Method

Tensile properties such as the yield strength and the uniform elongation were

obtained trom the true stress-true strain curves. However, the ultirnate tensile strength was

obtained from the engineering stress-straîn curve, as defined by eq. (3. 9) [103]:

FIDIIXaurs =--
Ac,

(3.9)

where FIDIJX is the maximum tensile force and .Ao is the initial cross section of the specimen.

From the data acquired by the MTS machine for the tension force and the elongation of the

gauge length, the true stresses and true strains were calculated using the following

equations:

a=S(l+e)

e = In(l+e)

(3.10)

(3.11)

where S =FlAo and e =AL/Ln are the nominal (engineering) stress and strain, respectively.

!iL is the change in gauge length and Lo is the initial gauge length. The yield strength was

measured by the 0.2% offset method on the true stress-true strain CUlVe.
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Load Unit

HydraulicPowerSupp~
o

o

•

Load Unit Control Panel

TestStar Workstation

Figure 3.12 The main components ofthe TestStar materials testing workstation.
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Microstructural Evolution during

Thermomechanical Processing

\

4.1 Introduction

From a metal1urgical point of view, TMP improves the strength and toughness of

rolled niobium steels by means of three distinct processes: i) grain refinement of the

austenite, ii) control of the y-to-a transformation, and iii) the precipitation of Nb-base

particles. Grain refinement is achieved by means of the static or dynamic recrystallization of

austenite and by the application of pancaking deformation. The transfonnation and

precipitation processes are also under the direct influence of the defonnation and cooling

conditions. Each of these processes is in tum controlled by the TMP parameters. In tms

chapter, the results obtained in tms investigation concerning the effect of process conditions
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on microstructural evolution before and after transfonnation will be presented and

discussed. The processing conditions mainly include:

1) the reheat temperature (this affects the initial austenite grain size and the amount

ofniobium in solution)

2) the amount ofaustenite pancaking (determined bythe Tnr)

3) the finishing temperature

4) the cooling rate

5) the cooling interruption ternperature.

High strength steels can be based on a microstructure of acicular ferrite because in

this case controUed rolling and accelerated cooling produce an extremely fine grained

structure. The evolution of this structure through recrystallization, defonnation and

transfonnation was studied for the steels used in this wode, which develop an acicular

microstructure. The characteristics of the microstructures will be examined and discussed

with the aid ofresults obtained by both electron rnicroscopy and hardness testing.

4.2 Experimental Results

The results of torsion test simulations of the rolling operation are presented ficst.

From these, the amount of austenite pancaking taking place in the no-recrystallization region

before transformation was calculated for each processing condition. The microstructures

were then examined using optical microscopy; further information obtained using electron

microscopy will be presented and analyzed in the discussion section.
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4.2.1 Thermomechanical Processing

4.2.1.1 Torsion Test Simulations

As mentioned in Chapter Three, the 17-pass deformation and temperature schedule

was simulated by means of a temperature controlled multi-pass torsion test. A typical set of

stress·strain curves obtained in this way is presented in Fig. 4.1. From these data, mean

tlow stress (MFS) versus inverse absolute temperature CUlVes were drawn on which the

critical temperatures were detennined trom the slope change points. The results of tests

covering all the rol1ing conditions applicable to the X-70 and X-80 steels are illustrated in

Figs. 4.2 to 4.4 and were also presented in Table 3.2.

.,;t~-;r

~*).. 250-
200

•~; 150 •
~ • •• •
lU • •~ 100 •• i• -.,. •50 • • • •• •0

0 0.5 1 1.5 2 2.5

T",e Strai"

Figure 4.1 A typical set of curves showing the flow stresses generated during each

pass ofa 17-pass torsion test performed on one X-BD sample.
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Figure 4.2 Mean flow stress versus temperature behaviour of the X-70 steel during

the multi-pass torsion tests; (a) high and (b) low finishing temperature

schedules, respectively.
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Figure 4.3 Mean f10w stress versus temperature behaviour of the X-SO steel

determined using the high finishing temperature schedule; (a) high and (b)

low reheat temperatures, respectively.
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Figure 4.4 Mean flow stress versus temperature behaviour of the X-SO steel

detennined using the /ow finishing temperature schedule; (a) high and (b)

low reheat temperatures, respectively.
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The folIowing empirical equation, which was obtained using seriai multi-pass torsion

tests on various Nb microalloyed steels [109], was used to calculate the Tnr's.

J:, = 173.9 log([Nb][C])+ 1444 (4.1)

The Tnr's determined experimentally by means of the torsion test simulations are

compared in Table 4.1 with those predicted using empirical equation 4.1. The Ar3 results

obtained from the torsion tests are also compared in Table 4.1 with the temperatures

calculated using equation 4.2 [91], which is mainly based on the chemical composition of the

steel. The measured Tor values were detennined on high reheat temperature plates which

were finish rolled above the Ar3 • The measured Ar3'S in Table 4.1 also apply to plates

reheated at the higher temperature; however, in this case, they were finish rolled below the

Ar3 .

Ar3 = 910 - 310C - SOMn - 20Cu -15er - 80Mo + 0.35(t-8) (4.2)

As rnentioned above, different reheat temperatures and rolling schedules were

employed in the simulations so that the effects ofinitiaI austenite grain size and accumulated

strain could be determined. This is one reason why the vaIues calculated using the empirical

equations, which do not a1low for the above-mentioned parameters, differ somewhat from

the measured values presented in Table 4.1.

It is of interest to note that the Ar3 temperatures were also measured using the effect

ofrecalescence on the cooling curve (see Fig. 4.5); resulting slope changes agree very weil

with the torsion test data. The cooling curves illustrated in Fig. 4.5 pertain to two X-SO

plates which were air cooled after finish rolling to below the Ar3; the upper and lower curves

apply to high and low reheat temperatures, respectively. These observations are in better

agreement with the results of the torsion tests than with the predictions obtained from eq.
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4.2. This indicates that the torsion simulation of roUing schedules leads to highly accurate

predictions ofthe "critical temperatures" pertaining to steel rolUng.

The Tnt 's and Ar3 '5 measured using the torsion tests are listed in Table 4.2. It can

be seen that when the low reheat temperature is employed, the recrystallization stop

temperature is decreased. This is because sorne of the Nb(CN) precipitates remained

undissolved in the austenite and the recrystallization retarding eirect of Nb was weakened.

The same reaso~ Le. less Nb in solution, can explain the lower Tor of the X-70 steel (which

has a lower Nb content) compared with that ofthe X-SO steel.

Table 4.1 Comparison between the measured and calculated Tor' s and Ar3' s.

Steel
Tnr , oC Ar3' oC

Grade

Measured CaIculated Measured Calculated

X-70 968 990 762 746

X-SO 1005 1016 750 725
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Figure 4.5 Air cooling curves applicable to two controlled rolled plates of X-SO steel

that were reheated to high (1275 OC) and low (1150 OC) reheat

temperatures.

It should be pointed out that the Till' ' s obtained from the low finishing temperature

schedules are lower than those that correspond to the high FRT schedules. This can he

linked to the longer interpass times, Tables 3.9 and 3.10, an observation that is in agreement

with the work of Bai et al. [110], which indicates that longer interpass times lead to

decreases in the Tm.
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Table 4.2 The measured critical temperatures and the calculated pancaking strains for

each set ofthe controlled rolling conditions.

Pancaking
Steel Reheat Finish RoUing Strain Pancakïng

Grade Temperature, Temperature, Tan Ar3' betweeD the StraiD below
oC oC oC oC Tar and Ar3 theAr3

790 966 - 1.34 -
X-70 1225

730 966 762 0.86 0.48

780 1005 - 1.68 -
1275

690 997 743 1.50 0.48
X-SO

780 994 - 1.68 -
1150

690 975 750 1.50 0.48

4.2.2 MicrostrllctNrai Examination

The microstructures of an air cooled X-70 and a rapidly cooled X-80 sample are

displayed in Fig. 4.6; here three-dimensional views are employed. The air cooled X-70

specimen of Fig. 4.6a was finish rolled in the austenite region; the rapidly cooled X-SO

example ofFig. 4.6 b was reheated at 1275 oC and finish rolled below the Ar3. The cooling

rate applied to this sample was 20 oC S·I and accelerated cooling was interrupted at 520 oC.
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(a)

(b)

81

Figure 4.6 Microstructures of (a) an air cooled X-70 plate and (h) a rapidly cooled X

80 plate reheated at high temperature and finish roUed below the Ar3.
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The grain sizes of the air cooled samples, which generally displayed polygonal ferrite

microstructures, were measured using the intercept method. The results obtained in this

way are illustrated in Table 4.7. By contrast, in the case of the rapidly cooled samples, it

was not possible to obtain meaningful measurements of ferrite grain size because there were

too many extraneous boundaries present associated with the acicular ferrite substructures

and other microstructural features. Nevertheless, it was evident that the grain sizes were

quite fine; these were estimated to be below ASTM Il.5 (average grain diameter of7 J.1m).

4.2.2.1 LowNiobium (X-70) Steel

The microstructures developed in the X-70 steel processed under the conditions

presented in Tables 3.5 and 3.6 are illustrated in Figs. 4.7 and 4.8. A banded structure of

polygonal ferrite and non-Iamellar pearlite (or in sorne places bainite) was developed in the

air cooled sample that was finish rolled in the unrecrystallized austenite region, Fig. 4.7 c.

As can be seen in micrographs (a) and (h) of Fig. 4.7, accelerated cooling increased the

proportion of the bainitic substructure. Use of a low finishing temperature introduces

elongated (pancaked) ferrite grains and the banded structure is rnaintained, Fig. 4.8.
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Figure 4.7 Optical microstructures of the X~70 plates reheated at 1225°C and finish

roUed at 790°C; accelerated cooling was interrupted at 620°C.
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Figure 4.8 Optical microstructures of the X-70 plates reheated at 1225°C and finish

rolled at 730°C; accelerated cooling was interrupted at 620°C.
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4.2.2.2 High Niobium (X-BO) Steel

4.2.2.2.1 Fillishing in the Austenite Region

The microstructures of the X-SO plates finish ro11ed above the Ar3 are illustrated in

Figs. 4.9 and 4.10 for the cases ofhigh (1275 oC ) and low (1150 OC) reheat temperature,

respectively. The banded structures offerrite and acicular ferrite (or bainite) associated with

air cooling can be seen in Figs. 4.9g and 4. lOg. In most cases, accelerated cooling resulted

in acicular ferrite structures along with sorne discontinuous bands of finer substructures. It

seems that for the samples reheated at both 1275 oC and 1150 oC, Figs. 4.9 and 4.10, the

finest microstructures are associated with the medium coollng rate, i.e. 20 oC S·I. Generally,

the highest cooling interruption temperature also resulted in the coarsest acicular ferrite.

4.2.2.2.2 Finishing i,. the (y+ lYJ Region

Complex microstructures of pancaked ferrite, polygonal ferrite, and acicular ferrite

(or bainite) were observed in the X-SO plates finish rolled in the two phase region, Figs.4.11

(RT= 1275 OC) and 4.12 (RT= 1150 OC). Although it was hard to measure the sizes of

these microconstituents, their finenesses were evidendy influenced by the rate of accelerated

cooling and by the cooling interruption temperature, as can be seen in Figs. 4.11 and 4.12.

In the discussion section of tbis chapter, the characteristics of these

microconstituents will be analyzed in more detail and related to the results of the

microhardness tests.
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Figure 4.9 Optical microstructures of the X-SO plates reheated at 1275°C and finish

rolled at 780°C; (a) to (c) CR=40°C s-l,



Chapter Four Microstructural Evolution during TMP 87

Figure 4.9 (continued) (d) to (f) CR=2DoC s-l, and (g) air cooled.
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Figure 4.10 Optical microstructures of X-SO plates reheated at 1150°C and finish

rolled at 78DoC; (a) to (c) CR=40oC S·1,
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Figure 4.10 (continued) (d) ta (t) CR=20°C s-t, and (g) air cooled.
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Figure 4.11 Optical microstructures of X-SO plates reheated at 1275°C and finish

rolled at 690°C; (a) to (c) CR=40°C S·I,
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Figure 4.11 (continued) (d) to (f) CR=2DoC S·l, and (g) air cooled.
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Figure 4.12 Optical microstructures of X-SO plates reheated at 11500 C and finish

rolled at 690°C; (a) to (c) CR=4üoC s-t,
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Figure 4.12 (continued) (d) to (f) CR=20°C s-t, and (g) air cooled.
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4.3 Hardness

Microstructural Evolution during TMP 94

The bulk: Vickers hardnesses of the X-70 and X-80 steels are presented in Tables 4.3

and 4.4.

Table 4.3 Hardnesses ofthe X-70 steel plates.

Finish Rolling Cooling Rate,
Temperature, oC S-1 Hardness, Hv

oC

Air Cooled 181

790
6 218

20 227

Air Cooled 215

730
6 219

20 234
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Table 4.4

MiC1'oslructIlral Evolution during TMP

Hardnesses ofthe X-80 steel plates.

95

Finish Cooling
Rolling Reheat Cooling Interruption

Temperature Temperature Rate oC 8-1 Temperature Hardness, Hv,
oC oC oC

Air Cooled - 220

620 229

20 520 241

1275 420 238

620 225

40 520 238

780 420 239

Air Cooled - 202

620 225

20 520 231

1150 420 226

620 231

40 520 246
420 231

Air Cooled - 240

620 249

20 520 261

1275 420 256

620 245

40 520 241

690 420 252

Air Cooled - 228

620 235

20 520 254

1150 420 254

620 243

40 520 240

420 237
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4.4 Analysis andDiscussion

In multi-pass roDing, the effect of an intermediate pass depends on the grain size

determined by the preceding passes. Because long interpass times promote the occurrence

of both static recrystallization (SRX) and strain-induced precipitation under conventional

controlled rolling conditions, the alternative possibility that strain accumulation could lead to

dynamic recrystallization (ORX) was also investigated. This was done by analyzing the

evolution ofgrain size during multi-pass roDing above the Tor. The amounts ofaustenite and

ferrite pancaking and the effective austenite interfacial areas were also calculated. By

comparison with the hardnesses of the final product, it was possible to come to sorne

conclusions regarding the evolution ofthe microstructure before and after transformation.

4.4.1 MJerostrllctural Evolution Be/ore Transfornudion

4.4.1.1 Recrystallization ofAllstenite

Since Nb in solution retards static recrystallization and promotes the accumulation of

strain, there is a possibility that dynamic recrystallization can be initiated in this way. If

DRX occurs during hot rolling, it should be possible to produce finer austenite grain sizes

than in the case where SRX is the only operative recrystallization process. In the present

work, the possible occurrence of DRX was studied by modifying the spreadsheet of Ref

[111], which was developed for the rod rolling ofC-Mn steels, so that it applies to the plate

rolling of high Nb steels.

As a first step, the peak strain, €P , was calculated using the equation modified for

high Nb steels by Minami et al. [112]:

E
p

=(1+ 20[Nb])/ 1.78 x 2.8 x 10-4doo.s{ëexp(375000/ RT)}O.17 (4.3)



Here, rk is the austenite grain size at the entry of each pass and [Nb] represents the Nb

concentration. Theo, the eritieal strain (ec) required to initiate DRX was determined as:
-
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where C is a constant equal to 0.6 for Nb steels. It is weil known that ORX is initiated when

the accumulated strain exceeds Eç. If DRX is not initiated, conventional SRX remains the

operative softening mechanism. Otherwise, rnetadynamic recrystallization, MRX (or post

dynamic recrystal1ization) is the goveming static rnechanism and the related empirical

equations are used for grain size caleulations. The fraction X of reerystallized rnaterial

present after a given pass can be specified by the following Avrarni equation:

(4.5)

where the Avrami exponent n=l, and tip and ty represent the interpass time and the time for a

fractional softening of Y, respectively. The times for 25% statie reerystallization were

calculated using equations 4.6 and 4.7 [113]. Here, equation 4.7 corresponds to the

situation where strain-induced precipitation beeomes effective.

T>990°C , tO•25 = 1.Sxl0-18do2 (e - 0.025)-2.8 exp(30[Nb]) exp(300000 / RT) (4.6)

T<990°C, t0.25 = 1.0xl0-42do2 (e - O.025}-2.8 exp(30[Nb]) exp(880000 / RT) (4.7)

The grain sizes observed in a number of steels after full statie recrystallization have

been shown to be a function ofstrain and initial grain size (in Ilm) as follows [114]:

d =De-tJ·67do0.67 (4.8)
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The following equation given by Hodgson et al. [115] for Nb steels was used to

calculate the extent ofgrain coarsening after recrystallization is complete:

d4
•
S = dsRX4.5 + 4.1x 1023 (t;p -432xto.s)exp(-435000/RT) (4.9)

The critical strain calculations revealed that the accumulated or effective strain at

each pass was far below the 1imit for the initiation of DRX. As a result, it was concluded

that no DRX occurred under the processing conditions of tbis work. The final recrystallized

austenite grain size for each controlled roDing condition is illustrated in Table 4.5. A typical

spreadsheet used for calculation of the recrystallized grain size of a plate reheated at 1275

oC and finish rolled in the austenite region is presented in Table 4.6.

It is of interest that, despite large differences in initial austenite grain size, the final

recrystallized grain sizes are close to each other. This is because the defonnation conditions

corresponding to the various simulations were quite similar (see Table 3.4 for the strains and

strain rates). Nevertheless, the higher Nb content of the X-SO steel resulted in coarser

recrystallized grain sizes due to the greater retardation of recrystallization. The latter, in

tum, led to recrystallization at higher temperatures.



Chapter Four Microstrllctural Evolution during TMP 99

Table 4.5 Microstructural features of the austenite before transformation together with

the associated austenite and ferrite pancaking strains.

Initial Final
Steel RT, FRT, Austenite RecrystaUized Pancaking Pancaking

Grade oC oc Grain Size, J.LDI Austenite Strain of Strain of
Grain Size, JlDI Austenite Ferrite

790 65 41 1.32 -
X-70 1225

730 65 41 1.24 0.07

1275 780 110 50 1.65 -

X-SO
690 110 55 1.87 0.05

1150
780 80 48 1.65 -

690 80 46 1.73 0.05
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Table 4.6 Example of the spreadsheet used for calculation of the recrystallized austenite

grain size. Here, the sample was reheated at 1275 oC and finish rolled in the austenite

region.

pass Grain size tempo erate interpass e
(d) entry lime
(f.lm) oC (S-I) (s) cale. Ea ec ea> ec?

FI 110.0 1200 1.9 39 0.09 0.09 0.56 --
F2 120.8 1161 2.3 26 0.12 0.16 0.71 --
F3 95.5 1135 2.5 25 0.12 0.14 0.70 --
F4 89.1 1110 2.6 20 0.12 0.16 0.75 --
F5 79.3 1090 2.8 20 0.13 0.18 0.78 --
F6 68.7 1070 3.0 20 0.13 0.17 0.80 --
F7 65.5 1050 3.3 19 0.14 0.20 0.85 --
F8 63.2 1031 3.5 22 0.14 0.20 0.88 --
F9 61.1 1009 3.8 4 0.14 0.21 0.94 --

986 4.2 19 0.16 0.33 1.06 --
FIl 44.1 967 4.6 19 0.17 0.21 0.97 --

948 4.9 0.16

Continued...

tso Grainsize Grain size Grainsize Grain size (d) if coarsening after
(d) if (d) ailer (d) ailer X>O.95

timet

(s) X :X>O.95 (flm) newt MRX SRX MRX SRX

40.84 0.48 132.3 120.8 155.0 22.8 132.3 79.7 120.8
8.84 0.87 91.7 95.5 113.2 20.2 91.7 78.2 95.5
14.24 0.70 86.3 89.1 100.9 18.6 86.3 62.5 89.1
Il.76 0.69 74.9 79.3 85.7 17.2 74.9 54.4 79.3
10.10 0.75 65.1 68.7 75.0 16.0 65.1 49.2 68.7
13.04 0.65 60.8 63.5 68.2 14.9 60.8 42.8 63.5
Il.03 0.70 53.0 56.2 59.4 13.8 53.0 38.6 56.2
13.28 0.68 48.8 51.1 54.1 12.7 48.8 35.0 51.1
15.12 0.17 44.1 50.0 44.9 11.6 44.1 39.5 50.0
6.52 0.87 31.7 34.1 36.4 10.6 31.7 27.1 34.1

46.08 0.25 33.3 33.9 35.7 9.8 33.3 24.5 33.9
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4.4.1.2 Pancaking ofthe Austenite

The amount of pancaking strain for each TMP condition was calculated using the

experimental rolling temperatures Iisted in Tables 3.5 to 3.10. In these tables, the passes

applied in the unrecrystallized austenite region and above the Ar3 are shaded for

identification purposes. For the low FRT schedules, the effective amount of austenite

pancaking was calculated using the fol1owing relation:

(4.10)

where e'Yi is the strain accumulated in the unrecrystallized y region above the Ar3, and e'}'2

and ~ are the strains accumulated in each of the two passes applied below the Ar3, see

Table 3.5. V'Yl' VY2' and VY3 represent the volume fractions of austenite present during

each ofthe above-mentioned stages ofrolling. These were determined from the CeT curves

applicable to these steels, Fig. 4.13. The same type of equation was used to calculate the

effective pancaking strain applicable to the ferrite:

(4.11)

Here, ea1 = E~ - e'Yi and e~ = E'Y3 - E')'2 and EiX] = o. The volume fractions of the

transformed austenite and ferrite at each pass in the two phase region are identical; Val =
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Figure 4.13 CeT diagrams for the (a) X-70 [105] and (b) X-SO [106] niobium

microalloyed steels.
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4.4.2 Transformation ofAustenite to Ferrite

4.4.2.1 Effective Austenite Intetfacial Area (Sv)

The microstructural features developed by deformation below the Tnr are the

elongated austenite grain boundaries and the introduction of deformation bands. The

importance of defonnation bands lies in that they are effective nucleation sites for ferrite in

addition to the 'Y grain boundaries. The rnetallurgical state of the austenite that results trom

hot rolling can be described by the parameter Sv, which refers to the effective austenite

interfacial area [54, 63, 116, 117]. In this regard, the higher the Sv, the more effective has

the austenite conditioning been during processing. Previous workers have shawn that there

are three factors which contribute to Sv, and aU these have been considered in eq. 4.12 [60]

so as to provide a proper measure of the state ofthe austenite before transformation:

a: initial grain boundary area per unit volume ofequiaxed grains prior to pancaking;

b: increase in initial grain boundary area due to a change in grain shape by pancaking; and

c: formation ofintragranular crystalline defects such as deformation bands during rolling.

Sv(mm2
/ mm3

) = {1.67(e -0.10)+ 1.0}(2 / dy)+ 63(e- 0.30) (4.12)

Here, dy is the final recrystallized y grain diameter and E is the amount of strain in the

unrecrystallized 'Y region. Ouchi [60] has shown that both Sv and increasing cooling rates

result in finer ferrite grain sizes, Fig. 4.14.

The results of Sv calculations for the air cooled samples are compared with the

measured ferrite grain sizes in Table 4.7. It can be seen that, generaUy, higher calculated

Sv's are associated with tiner ferrite grain sizes.
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Figure 4.14 Effect ofSv and cooling rate on the ferrite grain size [60].

Table 4.7 Grain sizes ofair cooled samples compared to the calculated Sv's for each case.

Steel RT, FRT, Effective Austenite Final Ferrite
Grade oC oC Loterfacial~rea Grain Size, J1m

Sv (mm -1)

X-70 1225 790 213 10

730 200 8

1275 780 228 7

X-SD 690 242 4

1150 780 237 6

690 252 4
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4.4.2.2 Nucleation Rate

Microstructural Evolution during TMP lOS

The complex situation of nucleation followed by growth and combined with the

precipitation of microalloy carbides has not been successfully modelled quantitatively. This

issue is still more complex when the transfonnation oceurs upon continuous cooling.

Nevertheless, at an early stage of transformatio~the transfonnation rate can be taken to be

expressed by Na; x Sv, where Na; is the nuc1eation rate per unit boundary area.

For continuous accelerated cooling processes, the ambiguity and difficulty of the

calculations lies in the heterogeneous nature of nuc1eation and of the morphology of the

transformed product phase. To simplify the effect of temperature on nucleation rate, the

homogeneous nucleation ofa particle of radius r can be considered [59, 118, 119]. The free

energy ofthe '"'(~ 'Y + a reaction ofa particle is given by:

(4.13)

where AGv is the free energy difference between a and y, (1 is the interfacial energy at the

y/a interface, and e is the strain energy. âG* is calculated as the maximum energy at a

critical size ofr* :

r* =20' / (AGv +e)

(4.14)

From the thermodynamic definition of the equilibrium temperature, AGy = 0 = AH- T;AS,

the fol1owing relation is obtained:

AGy =AH.AT/r: (4.15)



Chapter Four Microstructllra/ Evolution du,;"g TMP 106

This implies that AGv increases in a finear manner with the amount of supercooling

AT, which, in tum, strongly decreases the activation energy AG· associated with the

formation ofa nucleus. Sïnce the embryos grow and shrink by the addition or loss of atoms

that move by diffusion, there are two activation energies to be considered in homogeneous

nuc1eation [119]:

(4.16)

Here K is a proportionality factor, AGD is the activation energy for diffusion, and k is the

Boltzmann constant. When AT approaches zero, AG· approaches infinity and Nil'

approaches zero. When AT becomes very large, i.e. T is very low, AG· approaches zero

and Nm approaches the level governed by exp(-.d.GD /kT). Since T is low, this value is small

and the nucleation rate at large AT is small. Thus, N,. is small at very small and very large

AT 's; by contrast, it displays its maximum values at intermediate values of AT. As will be

discussed in the following sections, a condition of moderate supercooling is expected to

result in finer microstructures by increasing the nucleation rate during transfonnation.

4.4.3 T,amformed A"slenite

The precise microconstituents present depend, of course, upon the pertinent CCT

diagram and cooling rate. The bainite transformation temperature, B" is the most

meaningful parameter in transformation during continuous cooling. The empirical equation

that follows [120] predicts the bainite transformation start temperature of the X-70 and X

80 steels to be 645 oC and 625 oC, respectively, under air cooling conditions.
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This is in agreement with the CeT diagrams of these steels illustrated in Fig. 4.13.

Since the cooling stop temperatures of all the rapidly cooled plates were below B., bainitic

(acicular ferrite) substructures were expected, as can be seen trom Figs. 4.7 through 4.12.

In the foUowing sections, the effect of the processing conditions on the characteristics of the

bainite phase will be discussed.

4.4.1.1 Low Niobium Steel (X-70)

The microstructure of the X-70 steel uoder air cooling conditions consisted of

polygonal ferrite:! non-lameUar pearlite and bainite, Fig. 4.7c. This is consistent with the

CeT diagram for this material, Fig. 4.13a [105]. In some cases, a clear distinction between

the non-Iamellar pearlite and bainite could not be made because a nearly continuous range of

morphologies was present, Fig. 4.15. Accelerated cooling, h9wever, increased the volume

fraction of acicular ferrite at cooling rates of both 6 and 20 oC S·I, Figs. 4.7a and 4.Th. In

Fig. 4.16, the bulk hardnesses of the X-70 samples are illustrated. The higher hardnesses of

the samples cooled at the higher rates indicate that the characteristics of the acicular phase

have changed. The main cause of this observation could be that higher dislocation densities

are induced when the cooling rate is increased. (Measurements ofthe volume fraction ofthe

harder phase were not possible because ofthe difficulty ofrevealing its presence by etching.)

The microhardnesses of the pearlite and bainite in the X-70 steel plates, Fig. 4.17,

confirmed that the second phase (pearlite or bainite) in rapidly cooled sarnples is harder than

in air cooled plates. This indicates that the proportion of bainite increases when higher

cooling rates are employed.
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Figure 4.15 SEM micrograph ofan X-70 plate, FRT=790 oC and CR= 6°C S-l.
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Figure 4.16 Hardnesses ofthe X-70 plates.
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Figure 4.17 Microhardnesses of the bainite phase corresponding to the cases shown in

Fig. 4.16.
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4.4.3.2 High Niobium Steel (X~BO)

4.4.3.2.1 Ai, Cooled Plates

The banded structures of ferrite and bainite (or acicular ferrite) observed in the air

cooled plates, Figs. 4.9g and 4.1Og, display a proportion of 4: 1, as expeeted trom the CeT

CUlVe, Fig. 4.13b. It is clear from these micrographs that the ferrite phase is not truly

polygonal with respect to the character of its grain boundaries. The nature of the grain

boundary seems to change from high-angle ta law-angle, the observed shapes of the

boundaries are irregular, and the etched lines are discontinuous. For tms reason, the type of

ferrite present in the air cooled samples has been caUed "quasi-polygonal" [121].

The hardnesses of the X-SO air cooled samples, Fig. 4.18, show that lower

hardnesses are observed in the plates reheated at the lower temperature. This is because less

Nb was put into solution in these plates, which resulted in less strain-induced precipitation of

Nb-containing particles. It can also be seen that, due to the ferrite rolling of samples finish

rolled in the two phase region, the hardnesses of the samples with the lower FRT have

increased considerably. This cao be attributed to the greater amount of precipitation, to

more austenite pancaking before transformation, Table 4.6, and to the increased dislocation

density attributable to ferrite pancaking. The other cause in this regard May be the finer

ferrite grain sizes of samples finish rolled below the Ar3, Table 4.7.
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Figure 4.18 Hardnesses ofthe air cooled X-SO plates.

4.4.3.2.2 Accelerated Cooling

Microstructures

Due to the fine grain sizes and the natures of the acicular ferrite structures in the

rapidly cooled plates, differences in microstructure were scarcely detectable by means of

optical microscopy. This was most difficult when samples with different cooling

interruption temperatures were to be compared to each other. By contrast to the air cooled

plates, in the rapidly cooled sampIes, the structures were almost entirelyacicular, Figs. 4.9

and 4.10 (a) through (t). In these microstructures, sorne discontinuous banded substructures

of the fine sheaf-like bainite or acicular ferrite are also observed, which formed at heavily

deformed shear bands. Although the final grain sizes could not be measured quantitatively,
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it is clear from the micrographs ofFigs. 4.9 and 4.10 that the samples associated with a high

CIT exhibit coarser grains (thicker lath sheaves) than the medium and low CIT plates.

The grain boundaries of this substructure have 'irregular and jagged" characteristics

and consist ofplates pointing along many directions. According to severa! previous workers

[121-123], tbis phase is called acicular ferrite because ofits sheaf-like morphology. A more

general detinition ofthis morphology can be bainite-like [122] or carbide-free bainite [124].

The SEM and opticaI micrographs of two rapidly cooled samples in Fig. 4.19 reveaI the

uneven and discontinuous nature of the etched boundary Iines of acicular ferrite

substructures orientated along different directions.

The other clear feature of tbis substructure is that no prior y grain boundaries are

observed. This is consistent with the findings of other workers [6, 122]. A typicaI TEM

micrograph ofthe same sample is shown in Fig. 4.20. It can be seen that there is no sign of

carbide precipitation and that the substructure contains a relatively high density of

dislocations. Diffiaction patterns revealed that sorne dark areas are either retained austenite

or martensite. Figure 4.21 provides a schematic view orthe morphology ofacicular ferrite

in comparison with those ofpolygonal ferrite and bainitic microstructures.

According to Babu and Bhadeshia [123], acicular ferrite and bainite are both formed

by a mechanism that involves displacive growth without diffusion, except that the

morphology of acicular ferrite differs in the sense that physical impingement between the

plates nucleated intragranularly prevents full development of the sheaf morphology [124].

After growth stops at a temperature where the carbon concentration of the austenite reaches

a definite amount, the partitioning of carbon starts [125]. This is known as the incomplete

reaction phenomenon. It has aise been shown that the acicular sheaves tend to fonn and

grow on planes paraIlel to the maximum shear stress at approximately 45 degrees to the

compressive stress axis [125].
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Figure 4.19 Microstructures oftwo X-SO plates ~nish rolled above the Ar3 and rapidly

cooled at 20 oC S-I; (a) RT= 1275 oC (SEM micrograph), (b) RT= 1150

oC (optical micrograph).
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Figure4.20 TEM micrograph of the X-SO sample of Fig. 4.19a. The arrow indicates

retained austenite or martensite.
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Figure 4.21 Schematic illustration of the microstructural features of different austenite

transfonnation products.

Two typical SEM and optical micrographs showing acicular ferrite sheaves at 45

degrees are illustrated in Fig. 4.22. It should be noted that this was round mostly in samples

:finish rolled below the Ar3 where the austenite underwent more pancaking strain before

transformation. Traces of such charaeteristics can be found in the optical rnicrographs of

samples finish rolled in the two phase region, Figs. 4.9 to 4.12. These observations support

the displacive mechanism for the growth ofacicular ferrite [ 123].
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Figure 4.22 Microstructures oftwo X-SO plates finish rolled below the Ar3 and rapidly

cooled at 20 oC S·l; (a) CIT= 520 oC (optical micrograph), (b) CIT= 420

oC (SEM micrograph).
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The results ofthe hardness tests on the rapidly cooled X-gO samples are illustrated in

Figs. 4.23 and 4.24. A comparison with the hardnesses of the X-70 samples in Fig. 4.16

reveals that for aIl comparable cases the hardnesses are increased in the X-SO samples. This

is mainly because of the greater amount of Nb(CN) precipitation in the X-80 steels.

Comparison with the air cooled X-SO sarnples, Fig. 4.18, indicates that accelerated cooling

increases the hardness. These increases are attributed to increases in the volume fraction of

acicular ferrite and the dislocation density as weil as to refining the grain size.

It is of interest to note that the hardnesses of the rapidly cooled high FRT samples

are lower than those of the corresponding low FRT samples. This is despite the fact that

nearly fully acicular structures are developed in these samples. Part ofthe hardness increase

can obviously be attributed to the higher dislocation densities in the pancaked ferrite, as was

postulated for the equivalent differences in the air cooled samples. However, the

microhardness results associated with the acicular substructures, Fig. 4.25, indicate that the

acicular ferrite in the 10w FRT samples is much harder than in the high FRT material. It

should be noted that the microhardness testing of the high FRT samples was performed on

the finest parts of the acicular substructure. These hardness increases can again be

attributed to more precipitation and to the enhanced dislocation density associated with

ferrite pancaking.
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Figure 4.23 Hardnesses ofthe X-SO plates rapidly cooled at 20 oC S-I.
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4.4.3.2.3 Effect ofCooiing Interruption Temperature

Accelerated cooling during the y-to-a transformation effectively keeps the

precipitates fine or prevents precipitation during the transfonnation [126]. On the othee

hand, accelerated cooling and especia11y the use of a lower CIT decreases the grain size of

the bainite or acicular ferrite. As mentioned earlier, it is hard to detect the differences in the

microstructures developed in samples for which cooling was interrupted at 520 oC and 420

oC. The microhardnesses of samples with different cooling interruption temperatures are

cornpared in Fig. 4.25. It can be seen that when a low FRT is employed, a lower CIT results

in higher hardness. This is due to the finer acicular ferrite and/or bainite formed trom the

more pancaked austenite phase with the higher Sv. However, for the case offinishing in the

austenite region, the hardness is at a maximum when a medium CIT (520°C) is employed.

This is also evident in Figs. 4.23 and 4.24, where the bulk hardnesses of the same samples

characterized in Fig. 4.18 are illustrated.

These observations are consistent with the tinding of Ouehi et al. [126] that when

accelerated cooling was interrupted at too low temperature or when cooling rates above 15

oC S·I were employed, larger amounts of coarse bainite were forrned and the toughness of

the steel was deteriorated. Although the grain size of such acieular ferrite is not easy to

measure, this observation cao be attributed to the higher nucleation rate applicable to

transformation during moderate supercooling, as discussed in section 4.4.2.2. Moderate

supercooling may a1so lead to finer precipitate dispersions in the transformation products.

Such an effect will be discussed again in Chapter Six, where the yield strengths of these

materials will be presented and analyzed. The scatter obtained in the present study for sorne

samples rapidly cooled at 40 oC 8·} may in fact result trom the more inhomogeneous

dislocation structures produced.
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CHAPTEll5

Texture Developmentduring

the 1-to-a Transformation

5.1 Introduction

As discussed in the previous chapter, the pancaked state of the austenite before

transfonnation and the cooling rate during transfonnation determine whether the mode of

transfonnation is mixed or shear in the case of acicular ferrite or bainite. It is well known

that during the transfonnation, the crystallographic texture developed by heavy defonnation

(pancaking) ofthe austenite is inherited by the ferrite. The orientation distribution functions

obtained from the new texture analysis methods provide a quantitative measurement of

texture development during the transformation. Furthennore, an understanding of the way

in which texture is fonned is important in accounting for the microstructural characteristics

and properties ofthe final product.
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At ail stages of the thermomechanical processing described in the previous chapter,

textures are formed and transformed. The formation of the RD and TD fibers (or the

{113}<110> and {332}<113> components as the most intense orientations in those fibers)

from the pancaked austenite has been reported hy Many investigators [7, 22, 24, 31, 128,

129]. However, the sharpness and relative intensities of these fibers depend on the

characteristics ofprocessing in ways that are not fully understood.

In the present part of this work, the influence of the processing conditions on the

transformation textures of the pancaked austenite is examined. In this regard, the

microstructuraI evolution must also he taken into account, which was discussed in the

previous chapter. Here, sorne possible relations between the texture evolution and the phase

transition will be discussed. The texture predictions ohtained from sorne variant selection

criteria proposed for the modelling of transformation textures will aIso be compared with the

experimental results.

5.2 Textures

In the following sections, the textures calculated from the experimental pole figures

are presented in the fonn ofODF (Orientation Distribution Function) diagrams in the same

order of description of the samples and their processing conditions as employed in Tables

3.5 to 3.10. As the Cf)2 = 450 QDF section includes most of the important fibers and ideal

orientations, Fig. 5.1, it is used below to represent the textures.
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Figure 5.1 CI>2 = 45° ODF section showing the positions of the ideal orientations and

the RD, ID, and ND fibers in the ferrite texture.
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5.2.1 Law Niobium Steel (X-70)

The textures of the X-70 steel reheated at 1225 oC are iIlustrated in Figs. 5.2 and

5.3. Figure 5.2 includes the ODF's of the sarnples finish roUed in the austenite region. It is

evident from these figures that sharper textures are developed by accelerated cooling after

rolling. Finish rolling in the two phase regio~ Fig. 5.3, increased the sharpness of the

textures slightly when accelerated cooling was employed.

Comparison of these figures with the q>z = 45° OnF section i11ustrated in Fig. 5.1

reveals that the three partial fibers identified in this figure are largely fonned by the

transformation. These fibers are:

i) the RD fibre, which includes components having their <110> directions

parallel to the rolling direction;

ii) the ID fibre, which consists of components having their <110> directions

parallel to the transverse direction.

iii) the ND fibre, which contains the components having their <111> directions

parallel to the normal direction.

In Figure 5.4, the effects of the processing conditions on texture development are

shown in the fonn of skeleton lines; this provides a clearer presentation of the ideal

orientations and their intensity values along each fibre.

It cao be seen from Fig. 5.4 that accelerated cooling increased the intensities of aU

three fibers, the most pronounced effect being on the ID fibre. It is evident that in the

samples finish rolled below the Ar3, the peak intensities of the RD fibers are broadened. In

Fig. 5.4 (c), it cao be observed that, although accelerated cooling generally increases the

intensity ofthe ND fibre, the {Ill}<112> is favoured in comparison to the {Ill }<110>.
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Figure 5.2 qn = 45° ODF sections; the X-70 plates reheated at 1225°C and finish

rolled at 790°C; accelerated cooling was interrupted at 620°C. Contour

levels: 1, 2, 3, 4, 5, 6.
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Figure 5.3 qn = 45° ODF sections; the X-70 plates reheated at 1225°C and finish

rolled at 730°C; accelerated cooling was interrupted at 620°C. Contour

levels: 1, 2, 3, 4, 5, 6.
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Figure 5.4 The intensity CUlVes ofthe (a) RD, (b) TD, and (c) ND fibres for the X-70

.·r plates reheated at 1225 oC; accelerated cooling was interrupted at 620 oC..;.~ .
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5.2.1.1 Through-Thickness Inhomogeneity ofthe Texture

Since there was a strain gradient through the thickness of the rolled plates, an

inhomogeneity of the texture was expected to develop from the surface to the mid-plane of

the plates. The shear strain applied at and near the surface of the plate modifies the type of

texture and it no longer corresponds to plane strain conditions through the thickness. In

order to investigate the texture gradients, six more texture measurements were carried out

on one air cooled and one rapidly cooled plate of the X-70 steel. For each case, three cuts

at the surface (R=O), R=I/6, and R=1/3 (R = (to -t)/to) were prepared for texture

measurement in addition to the mid-plane texture measurements. Here, t is the thickness of

the plate after each cut and to is the initial thickness which was about 12 mm. The ODF

sections of these textures are shown in Figs. 5.5 and 5.6. Because of the monoclinic

symmetry of the shear texture developed at the surface, the ODF sections are drawn in Figs.

5.5a and 5.6a over the range cp. = 0 to 180°. These are typical shear textures with

{110}<uvw> orientations [5]. The maximum intensity lies at (110)[111] in the case of the

rapidly cooled sample, Fig. 5.6a. Comparison of Fig. 5.5 with Fig. 5.2c and Fig. 5.6 with

Fig. 5.3a shows that the shear texture is present down to about 2 mm below the surface of

the plate. In both cases, no texture gradient was observed within about 5 mm of the mid

plane ofthe 12 mm thick plate.
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Figure 5.5 Cf)2 = 45° ODF sections of an air cooled X-70 steel plate finish rolled at

790°C. Contour levels: 1,2, 3, 4, 5.



Chapter Five Texture Development during the "..to-« Transformation

Max= 6.3

(a) R=O

131

cp,
o 30° 60° 90°

o ~~~--r--"'-r-r---r--~--'

60° r--__---_

Max=3.0

(b)R=1/6

Max= 7.7

(c) R=1/3

Figure 5.6 CI>2 = 45° ODF sections of a rapidly cooled X-70 steel plate finish rolled at

790°C. Contour levels: 1, 2, 3,4, S, 6.
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5.2.2 High Niobium Steel

The <i>2 = 45° OnF sections pertaining to the X-SO plates described in Tables 3.7 to

3.10 are illustrated in Figs 5.7 to 5.10. The corresponding RD, TD, and ND fibre intensities

are plotted in Figs. 5.11 to 5_14. In all these figures, the presence of strong RD and TD

fibre transfonnation textures is clearly evident. However, the intensities of the texture

components depend on the processing conditions. Generally, accelerated eooling sharpens

the textures ofall plates, irrespective ofthe preceding eontrolled rolling conditions.

When the plates with high reheat temperatures are finish rolled in the unrecrystallized

austenite region, accelerated cooling results in a very high density TD fibre, with a highest

intensity of9 in comparison to 4 for the air cooled sample, Fig. 5.7. The intensity of the RD

fibre is also increased by accelerated cooling, although to a lower degree from almost 6 (in

the air cooled sample) to 10. A similar trend is observed in the samples reheated to the

lower temperature and finish roUed above the Ar3, Figs. 5.8 and 5.12, a1though the sharpness

ofthe texture is generally increased as weil. From these two figures, it appears that there is

no significant difference between the samples rapidly cooled at 40 or 20 oC S~l. By contrast,

it seems that the cooling interruption temperature has a greater effect on the transfonnation

texture. In most cases, a moderate cooling interruption temperature of around 520 oC leads

to the highest maximum intensity, Figs. 5.7, 5.8, 5.11, and 5.12.

It is apparent that the ID fibre is always sharpened at {332}<113>. In rapidly

cooled samples finish roUed in the 'Y region, it is also evident that by decreasing the cooling

interruption temperature to below 520 oC, the contour lines are attracted toward

{112}<131>, Fig. 5.1, and form a circle. In the sample interrupted cooled at the lowest

temperature in this study, Fig. 5.8 (f), tbis effect was accompanied by a depletion of the

orientations near the RD fibre. This shows a very clear effect ofaccelerated cooling, and in
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Figure 5.7 Q>2 = 45° ODF sections of the X-SO plates reheated at 1275 oC and finish

rolled at 780 oC; (a) to (c) CR=40°C s-t,
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Figure 5.S fP2 = 45° OnF sections of the X-SO plates reheated at 1150 oC and finish

rolled at 780 oC; (a) to (c) CR=40oC S-I,
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Figure 5.8 (continued) (d) to (j) CR=20 oC S-l, and (g) air cooled. Contour levels: 1, 2,

3, 4, 5, 6, 7, 8, 9, 10.
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Figure 5.9 C'p2 = 45° OnF sections of the X-SO plates reheated at 1275 oC and finish

rolled at 690 oC; (a) to (c) CR=40 oC s-t,
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(g) Air Cooled

Figure 5.9 (continued) (d) to (f) CR=20 oC s-t, and (g) air cooled. Contour levels: 1, 2,

3, 4, 5, 6, 7, 8, 9, 10.
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Figure 5.10 <J)2 = 45° ODF sections of the X-SO plates reheated at 1150 oC and finish

rolled at 690 oC; (a) to (c) CR=40 oC S·I,
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(g) Air Cooled

Figure 5.10 (continued) (d) to (j) CR=20 oC s-l, and (g) air cooled. Contour levels: l,

2, 3, 4, 5, 6, 7, 8, 9, 10.
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Figure 5.11 Intensity curves of the (a) RD, (b) TD, and (c) ND fibres for the X-80
.1*"

plates reheated at 1275 oC; and finish rolled at 780 oC.j
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Figure 5.12 Intensity curves of the (a) RD, (b) TD, and (c) ND fibres for the X~80

plates reheated at 1150 oC; and finish rolled at 780 oC.
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Figure 5.14 Intensity curves of the (a) RD, (h) ID, and (c) ND fibres for the X-SO

plates reheated at 1150 oC; and finish rolled at 690 oC.
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particular of the cooling interruption temperature, on the distribution of the fibers of the

transformation texture.

In the sampies finish rolled below the Ar3, Figs. 5.9, 5.10, 5.13, and 5.14, the

textures are sharper than in the corresponding cases in Figs. 5.7 and 5.8, where a higher

finish rolling temperature was employed. However, sharpening of the texture mainly

involves the high density RD fibers developed under these conditions and here the ID fibre

is less intense than in the high FRT samples. It can also be seen that the intensities of the

ND fibre components are increased to 3 in these samples. Accelerated cooling again results

in the trend described for the high FRT samples, where the {Ill}<112> is sharpened at the

expense of the {Ill}<110>.

It is ofinterest to note that in the samples finish rolled in the intercritical region, Figs.

5.9, 5.10, 5.13, and 5.14, air cooling results in a high RD fibre intensity. In the case of the

low reheat ternperature, it is evident that tbis is even higher than the peak intensity ofthe RD

fibre in sorne rapidly cooled plates, Fig. 5.12. This simply implies that the RD fibre texture

components are more influenced by the pancaking strain of the austenite before

transformation than by the cooling conditions during transformation. This issue will be

discussed in greater detail in the Discussion section.
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In this section, the relations between the characteristics of the austenite before the

transfonnation and the ferrite texture, which is influenced by the cooling conditions during

the transfonnation, are analyzed and discussed.

5.3.1 Texture Index

To represent the texture without considering the details of the distribution of the

orientations, the integral of the square of the texture function was calculated using eq. (5.2)

[3, 130], which was obtained by substitution of the series expansion for f(g) in eq. (5.1).

This value, J, is known as the texture index.

_ ~~ IJ.V l2J - LtiU+llCI
I,JL,v

(5.2)

(5.1)

The texture index pennits characterization of the severity of the texture by a single

parameter, which is also considered to be a good measure of how the orientations of the

transfonned grains differ trom a random distribution. In Figs. 5.15 to 5.17, the texture

indices calculated for the X-70 and X-SO samples are illustrated for all processing

conditions.

In the low niobium steel (X-70), the use of a low finishing temperature led to a

decrease in the texture index. This can be due to the lower pancaking strain applied to the

austenite before transfonnation, Table 4.5. It can also be observed that accelerated cooling
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,;~'.~-'J.

increased the severity of the texture, which is certainly due to variant selection during the

transformation.

In the X-80 plates, generally, the texture indices of the low FRT samples are higher

than those of the high FRT plates, which means that sharper textures developed in the

samples finish rolled in the two phase region. Accelerated cooling of the high FRT samples,

however, led to increases in the texture indices, whereas in the low FRT plates, the texture

indices ofthe rapidly cooled samples are lower than in the corresponding air cooled sample.

It has been shown by numerous workers [21, 128, 130, 131] that the greater the

pancaking strain applied to the austenite, the sharper is the texture developed in the ferrite.

As was shawn in the previous chapter, greater pancaking strains were applied to the

austenite in the low FRT samples than in the high FRT ones. This certainly justifies the high

texture indices ofthe low FRT air cooled plates.

2,---------------;::==::;----"]
DHighFRT

1.5 .LowFRT

0.5

o~---"---

ÂiI' Cooled
CR=6 OC/a CR=20 OC/a

Rapidly Cooled

Figure 5.15 Texture indices ofthe X-70 steel.
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Figure 5.16 Texture indices orthe X-SO steels finish rolled above the Ar3; (a)

RT=1275 oC and (h) RT=1150 oC.
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Figure 5.17 Texture indices orthe X-SO steels finish roUed below the Ar3 ; (a)

RT=1275 oC and (h) RT=1150 oC.
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However, the plates associated with the low reheat temperature develop sharper

textures than those reheated at the high temperature, although the pancaking strain was

either equal (for the high FRT plates) or even lower than the corresponding high RT

samples, Table 4.5. Sïnce the amount ofpancaking strain applied to the ferrite was the same

for the low FRT samples with different reheat temperatures, this increase in the sharpness of

the texture cannot be because of ferrite rolling. On the other hand, the same trend is

observed in the samples finish roUed above the Ar3 without any ferrite roUing. Therefore,

the main cause of this difference is likely to be the general characteristics of the austenite

(e.g. finer grain size) before the transformation.

The characteristics of the austenite include its grain size as weil as the amount of

pancaking strain applied below the Tnr• As discussed in the previous chapter, an equation

for the effective interfacial area ofthe austenite, Sv, developed by Ouchi [91], can be used to

take into consideration the grain size of the austenite together with the pancaking strain, Ep.

The amount of shear banding is aIso considered in the Sv parameter, eq. 4.12. Fig. 5.18

illustrates the change in Sv according to the amount of reduction (or pancaking strain)

applied below the Tor for aU the austenite grain sizes developed under the controlled rolling

conditions employed in this work.

This parameter accounts for the severity of the austenite texture before

transformation as weil as for the fineness of the grain size. In this way, it allows for the

effect of grain boundaries on sharpening the roDing texture of pancaked austenite. In cold

roUed ferrite, such effects are influenced by the shapes, sizes, and orientations of the

neighboring grains [57, 133]. Inagaki, for example, showed that grain boundary constraints

play larger roles in fine grained specimens and lead to larger orientation changes in the grain

boundary regions [133].
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Figure 5.18 Effective interfacial area versus the amount ofpancaking reduction applied

to the austenite.

The Sv pararneter is a useful predictor ofthe transformation texture in two ways; i) it

cao forecast the sharpness of the austenite texture, and ii) it gives a measure of the slip

distribution and ofthe number ofactive slip systems. While the former involves the intensity

of the texture, the latter is concemed with the possibility of nucleation on the austenite slip

systems [37, 132].
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The Sv parameter and pancaking strain of the austenite are plotted against the

texture index for comparable air cooled and rapidly cooled X-70 and X-SO plates in Figs.

5.19a and 5.19b, respectively. It can be seen that, for both the air cooled and rapidly cooled

samples, the severity of the texture increases with the Sv parameter, Fig. 5.19b, whereas

there is no direct relation between the pancaking strain and the texture index, Fig. 5.19a.

In the low niobium steel, the texture indices of the air cooled and rapidly cooled

samples finish rolled below the Ar3 are lower because of the associated lower Sv parameter.

In fact, the sharp textures of the samples processed with high FRT's can he attributed to the

sharpnesses of the austenite texture before transfonnation (i.e. high values of Sv). This

effect is not overcome by the texture sharpening due to ferrite rolling, which increases the

hardness ofthe low FRT samples, Fig. 4.16.

In the X-SO steels, it is apparent that higher Sv values in the low RT samples account

for the high texture indices ofthese samples compared to the high RT samples. This cannat

he explained in terms of the etTect of pancaking strain alone because, as can be seen in Fig.

5.19a, the pancaking strains of the X-SO samples finish rolled above the Ar3 were equal for

high and low RT's. For the samples finish roUed below the Ar3, again sharper textures were

developed in the low RT sampies, in comparison with those associated with high RT's in

spite of the lower pancaking strains. As can be seen in Fig. 5.19b, here also the higher

texture indices of the low RT samples can be attributed to the higher values of the Sv

parameter in contrast with the values applicable to the high RT plates.

It is of interest to note that the small increase in the texture index of the rapidly

cooled X-SO sample reheated at 1150 oC and finish rolled above the Ar3 can be attributed to

the higher cooling interruption temperature of 650 oC (see Table 3.7) instead of620 oC.
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Figure S.19 (a) Pancaking strain of the austenite and (h) Sv parameter versus the

texture index in the X-70 and X-SO plates. Accelerated cooling was

performed at a CR= 20 oC S·l and CIT= 620 oC.
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Similarly, the low texture index of the rapidly cooled x-so sample reheated at 1150 oC and

finish rolled below the Ar3 is probably due to its low cooling rate of9 oC S-I, Table 3.7.

It can be seen from Fig. 5. 19b that the difference between the sharpnesses of the air

cooled and rapidly cooled sampies decreases when the Sv parameter increases. This is

probably because of the changing relative influence of the pancaking strain and the grain

size. This will be further discussed in the next section.
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5.3.2 Transformation Texture

Here, the effects ofthe processing conditions on the three distinct fibres (i.e. the RD,

ID, and ND fibres) are discussed by carrying out a more detailed analysis of the

transformation textures.

5.3.2.1 Effect ofChemical Composition ofthe Steels

The intensities of the three idea1 fibers in the X-70 and X·80 steels are compared to

each other in Figs. 5.20 and 5.21. It is evident that in all cases the RD and ID fibres are

more intense in the X-SO plates than in the X-70' s. This is consistent with the findings of

many other investigators [21, 130, 131] who have shown that the addition of Nb sharpens

the texture in microalloyed steels by increasing the intensity ofthe RD fibre.

As was shown in the previous chapter, the higher niobium content of the X-SQ steel

increased the Tnr by about 40 degrees Centigrade compared to that in the X·70. Sînce

similar rolling schedules were employed for both steels, Table 3.5, the increase in the Tnr led

to higher pancaking strains for the X-SO samples before transformation. Comparison of the

final recrystaUized austenite grain sizes in the two steels, Table 4.5, indicates that the Sv

parameter is greater in the higher niobium steel. This c~ in tum, sharpen the

transformation texture either directly by increasing the sharpness of the austenite texture or

indirectly by increasing the extent of slip on the active slip systems. This will he taken up

again in the section on variant selection below.

The ID fibre intensities of the X-80 plates are also higher than those of the X-70s

when they are air cooled. This may again be because of the sharpening effect on the

austenite texture of the increased pancaking strain and the higher value of Sv. Inagaki [22]

reported that higher Mn leveIs in samples with the same parent roUing texture before
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transformation aIso increased the intensity of the ID fibre. This was attributed to the

occurrence of selective growth in the high Mn steel at the low transformation ternperature

that resulted from the austenite stabilizing effeet ofMn. Such an effect is similar to that of

cooling rate in decreasing the transformation temperature and, therefore, in limiting the

growth ofnuclei.

It can be seen from Figs. 5.20 (h) and 5.21 (h) that accelerated cooling led to the

same intensities of the ID fibre in both steels when they were finish rolled above the Ar3.

This clearly implies that the cooling conditions (or the dislocation density) have a greater

effect on the ID fibre than the state of the austenite at the transformation, so that it cao

compensate for the intensity differences between the air cooled samples. In faet, the higher

intensity of the ID fibre in the X-SO air cooled sample is more likely to be due to the

austenite stabilizing effect of Mn or even Nb and selective growth, as was concluded by

Inagaki [22].

It is known that the TD fibre components are formed exc1usively from the fcc brass

component, Le. the {110}<112>. Table 4.5 shows that there was a relatively large

difference (1.68 versus 1.35) between the pancaking strains applied to the X-80 and X-70

steels when they were finish rolled above the Ar3• This difference was even higher (1.91 in

the X-gO versus 1.25 in the X-70) for samples finish roUed below the Ar3• Nevertheless, the

intensity of the ID fibre was almast the same in the two samples. It can therefore be

concluded that the intensity ofthe brass component was approximately the sarne in the two

steels before transformation, despite the differences in the amount ofpancaking strain.
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5.3.2.2 Effect ofThermomechanical Processing Parameters

The RD, TD, and ND fibres of the air cooled X-SO samples finish rolled above and

below the Ar3 are illustrated in Fig. 5.22.

RDfibre

In the skeleton diagram. ofFig. 5.22 (a), the same texture index trends shown in Fig.

5.19 are observed. That is, the greater the value of Sv, the higher the intensity of the RD

fibre. This is probably associated with an increase in the intensity of the copper

({112}<111» component ofthe fcc texture before transfonnation.

Jonas et al. [38] considered the grain aspect ratio of the pancaked grains as a

measure of the possibility ofgrowth along the rolling direction as opposed to the ID or ND

directions. However, as described in the previous section, the Sv parameter, in which the

grain size of the austenite is also taken into consideration can explain a1I the features of the

experimental textures. For instance, the intensity of the RD fibre in the air cooled sample

finish rolled below the Ar3 and reheated at the higher temperature is Iower than that of the

corresponding sample with the Iower reheat temperature, Fig. 5.22, even though its grain

aspect ratio (or the pancaking strain applied to the austenite) is greater, Fig. 5.19a.

By contrast, Figs. 5.18 and 5. 19a show that, despite the high grain aspect ratio in

this sample, the Sv parameter is smaller due to the larger recrystallized austenite grain size.

The same explanation pertains to the samples finish rolled above the Ar3, where the intensity

ofthe RD fibre is higher in the low RT samples, despite the equal grain aspect ratios.
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Srnall differences between the peak intensities of the ID fibres in samples finish

roUed above and below the Ar3 are evident in Fig. 5.22 (h). This indicates that the TD fibre

is much less intluenced by the pancaking strain or the Sv parameter. On the other hand, the

higher intensity of the {554}<225> component in samples associated with the low FRT

implies that the increase in the sharpness of the ID fibre is probably due to ferrite rolling,

which has been shown to increase the intensity of this component by rotation of the

{332}<113> component towards the {554}<225> and {III}<112> [23, 58].

NDfibre

The ND fibre is more intense in samples finish rolled below the Ar3, Fig. 5.22 (c).

Although this is certainly because of the increase in the sharpness of the austenite textures

prior to transformation, it is also partly influenced by the use offerrite rolling.

5.3.2.2.1 Effed ofCooling Rate and Cooling Interruption Temperature

The three fibres for the samples rapidly cooled at 20 oC S-1 and then subjected to

interrupted cooling at 620 oC, 520 oC, and 420 oC are plotted in Figs. 5.23 through 5.25.

The equivalent fibres for the samples cooled at 40 oC S-1 are iIlustrated in Figs 5.26 to 5.29.

RDfibre

Comparison of Figs. 5.23a, 5.24a, and 5.25a with Fig. S.22a shows that, generally,

accelerated cooling decreased the intensities of the RD fibres in the low FRT samples,

whereas it increased the sharpnesses of the RD fibres of the high FRT plates. Samples

rapidly cooled at 40 oC 8.
1 display the same trend, Fig. 5.26 to 5.28. The differences

between the RD fibre intensities were small despite appreciable differences in the austenite

morphologies before transformation. These small differences decreased still further when
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the lower cooling interruption temperatures were employed. This indicates that the

nuc1eation rate of the produet phase during transformation is influenced to a greater extent

by the amount of supercooling than by the morphology ofthe austenite.

Fig. 5.23a provides very good evidence for the effect of the cooling conditions on

the RD fibre. The intensity of the low FRT sample reheated at the lower temperature is less

than that ofthe one reheated at the higher temperature. This is opposite to the behaviour of

the air cooled samples displayed in Fig. 5.22. This can be explained in terms of the lower

cooling rate (9 oC S-I) of the Iow RT sample and the higher cooling rate (28 oC S·I) of the

high RT sample even though they both had the same nominal cooling rate of20 oC S·I.

It should be noted that the particularly high intensity of the {lOO}<llO> orientation

in the sample associated with a high FRT and a low RT in Fig. 5.23a may have been caused

by the unusually high cooling interruption temperature of650 oC in tbis case.

The sample associated with the high FRT and low RT in Fig. 5.25a displays a low

RD fibre intensity. This may have been caused by the unusually low cooling interruption

temperature of 390 oC, see Table 3.7. The higher intensities of the RD fibre in the low RT

and low FRT samples, Figs. 5.27a and 5.28a, can again be attributed to their higher cooling

interruption temperatures of550 oC and 445 oC, respectively, Table 3.9.

These observations indicate that the eooling conditions, i.e. eooling rate and cooling

interruption temperature, have distinct effects on the intensities ofthe RD fibre components.

Because it is difficult to estimate the frequency of heterogeneous nuc1eation during

continuous cooling, this problem is not discussed further here. Nevertheless, the qualitative

explanations advanced above seem to account reasonably weil for the experimental results.

For instance, Figs. 5.24a and 5.27a show that the moderate cooling interruption

temperature results in higher RD fibre intensities in the samples finish rolled above the Ar3 .
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This cao perhaps be explained by the higher nucleation rate that is likely to prevail at a

moderate cooling interruption temperature, as was postulated in the previous chapter.

TDfibre

As is evident from the (b) diagrams in Figs. 5.23 to 5.28, the intensities of the TD

fibres ace increased by the accelerated cooling of samples finish roUed in the austenite

region. The highest ID fibre intensities are observed at lower cooling interruption

temperatures, i.e. at 520 oC and 420 oC, and also in the samples associated with the low

reheat temperature. Accelerated cooling decreases the transformation temperature and at

the same time retains the high dislocation densities present in deformed materials.

Consequently, it can act 50 as to promote the type ofvariant selection that is associated with

dislocation character and slip activity.

A recent variant selection model has shown that the ID fibre variants that form from

the {Il0}<112> (brass) component are those associated with the most active slip systems

during the final stages of pancaking deformation [38, 132, 133]. As discussed in the

previous chapter, acicular ferrite fonns from austenite by a shear displacive mechanism.

Thus, less loss of dislocations by recovery is likely to occur when accelerated cooling is

used. This in tum increases the possibility that product grains will be nucleated on the more

active slip planes.

It is evident that use of the moderate cooling rate of 20 oC S·1 and medium cooling

interruption temperature of 520 oC promotes a higher density of the TD fibre, Figs. 5.24b

and S.27b. Again this can be attributed to the possibility that the optimum nucleation rate,

which is associated with moderate cooling rates and cooling interruption temperatures, is

accompanied by the highest dislocation densities on the slip systems due to less recovery.
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When the plates were finish rolled in the intercritical range, the ID fibre intensities

increased gradually with cooling rate and with decreasing caoling interruption temperature.

This is because almost 20 percent of the transfonnation had occurred before the beginning

ofaccelerated cooling. Nevertheless, in most cases, the peak intensities along the ID fibres

are less than 80 percent of those observed in the high finishing temperature materials. Sïnce

there was less than five seconds of delay in initiating accelerated cooling, see Tables 3.6 to

3.9, this cannat be due to the decrease in the volume fraction of austenite before rapid

transfonnation. Instead, it is possible that the high pancaking strains applied to these

samples led to a decrease in the volume fraction of the brass component in the austenite

befare transformation.

NDfibre

Generally, the higher ND fibre intensities developed as a result of ferrite (wann or

intercritical) rolling, Fig. 5.22c, are a1so observed in the case of the rapidly cooled (as

opposed to the air cooled) plates. However, accelerated cooling decreases the intensity of

the {Ill}<110>, especially in the sampIes finish rolled above the Ar3. This clearly shows

that this component is not selected during transformation. This issue will be discussed

further in the variant selection section.
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5.3.2.3 Transformation Fibre

A continuous orientation spread along the line between {225}<110> and

{332}<113> on the CI>2 = 45° ODF section is introduced here and referred to as the

transformation fibre. This fibre includes the orientations that normally have the highest

intensities in the transformation texture.

C{)1

o
o

(225)[110]
30°

[131]

(111)[011]

(332)[113J

Figure 5.29 Schematic representation of the transformation (TR) fibre in the qn = 45°

ODF section showing the ideal orientations along this fibre.
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The {225}<110> orientation, which is located between {113}<110> and

{112}<110> at ~ =30°, is an RD fibre component represented in the TR fibre. In most of

the ODF's presented in this work, this orientation is located at the peak intensity of the RD

fibre. The peak intensity ofthe ID fibre, i.e. the {332}<113>, also lies on the TR fibre. As

was shown in the previous sections, accelerated cooling has a strong effect on the

{Ill}<110> orientation, which is less than 1 degree away ftom the TR fibre and forms part

ofthe ND fibre.

The exact position of the {112}<131> orientation, which fonns ftom the brass

{110}<112> and S {123}<634> fcc components, is nearly 5 degrees away from this fibre.

However, as can be seen on Fig. 5.29 (a typical <i>2 = 45° ODF section of the rapidly cooled

samples in this study), the local peak is located at fPl = 30° and 4» = 42° on the TR fibre.

Nevertheless, tms orientation is generally referred to as (112)(131] because this is the

nearest low index orientation.

There is another companent ({112}<295» on the TR fibre at CPI = 15°, cf) = 35.26°,

which is generally located on a high intensity plateau. This orientation is also strongly

affected by accelerated cooling, as will be discussed in more detail below.

S.3.2.3.1 Effeet ofCoolinK Conditions on the TR Fibre

Cooling Rate

The skeleton lines of the TR fibres in the air cooled and rapidly cooled X-70 and X

80 samples are plotted in Fig. 5.30. The intensities of the (112)[131] in the air cooled

sampies gradually increased with Sv, as illustrated more generally in Fig. 5.l9b. The

(225)[110] and (332)[113] a1so appeared to follow the same trend as Sv. However, the

intensity ofthe (112)[131] increased to about 5 in ail sampIes irrespective ofthe niobium
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content and controlled roUing conditions, when they were rapidly cooled. As for the

(332)[113], tms component is very sensitive to cooling rate and cooling interruption

temperature. It can be seen that a cooling rate of 9 instead of 20 oC S-I in the sample

associated with the low RT and low FRT led to a decrease in the intensity of the (112)[131]

component as well as in that ofthe (332)[113].

The intensities of sorne ideal orientations are plotted against Sv in Fig. 5.31. It can

be seen in Fig. 5.31a that the intensities of the two RD fibre components {113 }<110> and

{112}<110> in the air cooled sampies increase with Sv. This indicates that the intensity of

the copper {112}<111> orientation in the austenite prior to transfonnation increased with

Sv. Thus, given that Sv=265 in this case, the present results reveal that the other fcc

orientations rotate towards the copper and the copper-S as the {113 }<110> and

{112}<110> bcc orientations form mainly from these fcc components.

Rolling texture simulations in fcc materials carried out by Zhou et al. [138] revealed

that copper is, in fact, the stable end orientatio~ Fig. 5.32. These simulations for various

boundary conditions, such as full constraints, lath and pancake compression, showed that the

intensity ofthis component increases with the level ofstrain.

One can therefore imagine that the higher pancaking strains associated with the

greater Sv parameter led to increases in the intensities of the copper and copper-S

components before transformation. Nevertheless, as the Sv includes both the amount of

pancaking strain and the austenite grain size, it can be argued that the finer grain sizes

associated with greater Sv values aIso resulted in sharpening the austenite texture due to

more constraining effect ofthe grain boundaries [133].
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Figure 5.31 Intensities of the ideal orientations of the ferrite texture versus Sv for (a)

the air cooled and (b) the rapidly cooled samples.
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(a) (b) Cc)

Figure 5.32 Orientation development in fcc materials during: (a) plane strain

compression (full constraints), (b) lath compression, and (c) pancake

compression; after Ref. [138].

It has been argued in the lite.-ature that the grain split-up produced by the formation

of shear bands results in the randomization of the defonnation texture in aluminum [139,

140]. This phenomenon has been used to explain the sharper textures present in samples

containing lower amounts of banding during the warm rolling of steel [141]. It is also

known that there is less banding in fine grained microstructures. Thus, when high pancaking

strains are applied, it is possible that sharper textures develop in the fine' grained samples due

to the drop in shear banding and the accompanying increase in grain matrix rotation.
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Cooling Inte""ption Temperature

The transformation fibres ofthe rapidly cooled X-80 material associated with cooling

interruptions at 620 oC, 520 oC, and 420 oC are illustrated in Figs. 5.33, 5.34, and 5.35,

respectively. It can be seen that the intensity of the {112}<131> was increased when

accelerated cooling was interrupted at 520 oC and 420 oC, as discussed above for the ID

fibre. Again, it can be seen that a moderate cooling rate and a medium CIT of 520 oc result

in the highest intensity orthe {112}<131>. This supports the previous conclusion regarding

the effect ofmoderate supercooling on optimization ofthe nucleation rate.

The observation that the intensity of tbis component is about 5 times random in a1l

the low FRT samples processed with high pancaking strains, Figs. 5.30, 5.33, 5.34, and

5.35, implies that a stable orientation that is not intluenced by accelerated cooling was

formed in the austenite before transformation. The transformed brass (i.e. the {332}<113»,

on the other hand, shows a high sensitivity to the cooling conditions, so that the

{332}<113> reaches an intensity ofabout 10 in the high FRT samples.

It has been shown that the {112}<131> transforms from the brass and S with

frequencies of occurrence of 6 and 5, respectively, out of the 24 possible K-S orientations

[9]. This orientation may aIso transform from other minor orientations, such as the

{123}<856>, with a frequency of 5 out of 24 [9]. It is therefore possible that high

pancaking strains increase the volume fraction of the S and other minor orientations at the

expense of the brass; that is, the volume fraction of the brass in austenite is decreased by

increasing the pancaking strain.
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This is evident from Figs. 5.33 to 5.35, where the intensities of the {332}<113> in

the low FRT samples are less than 80 percent of those of the high FRT samples. This

interpretation is aIso supported by the rolling simulation results of Zhou et al. [138], Fig.

5.32, which predict an increase in the S intensity at the expense ofthe brass intensity.

5.3.3 Variant Selection

Understanding variant selection has been an important problem in the subjeet of

transfonnation textures. Variants are a set of transfonned texture components that have

sorne specifie orientation relationship with the parent texture components. One set of

possible orientation relationships between austenite and ferrite (or martensite, bainite, and

acicular ferrite) are the 24 variants defined by Kurdjumov and Sachs [23, 26]:

In most cases, experimental textures are both qualitatively and quantitatively different from

those predicted by the K-S relationship. In the case of pancaked austenite and/or

accelerated cooling, greater differenees oceur between the measured and predicted textures.

A sharp texture forms in pancaked austenite containing the copper {112}<111>,

brass {1IO}<112>, and S {123}<634> components together with a weaker Goss

{110}<100> orientation [134, 135]. To calculate the ferrite texture based on the K-S

relation without variant selection, volume fractions of these fcc ideal orientations were

chosen according to their intensities in a Ni-30%Co alloy with a stacking fault energy similar

to that ofaustenite [136]. These were normalized by adding a random background of30%.

The volume fractions of the ideal product orientations were calculated from the austenite
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ideal orientations using the frequencies of occurrence predicted by the K-S relation taken

from Refs. 9 and 35. The results are illustrated in Table 5.1.

Table 5.1 Volume fractions of the ideal orientations calculated from the austenite

ideal orientations according to the frequencies of occurrence predicted by

the K-S relation.

Austenite Ideal Orientation

Copper Brass S Goss
{112} {lIa} {123} {lIa} Volume Fraction

Ferrite Ideal <Ill> <112> <634> <001> ofthe Product
Orientation Volume Fraction, % Component, %

20 21 25 4

{lOO}<IIO> 4 3.5

{113}<110> 2 2 3.7

{112}<110> 6 8 6.2

{Ill }<110> 8 1.3

{111}<112> 2 5.3

{111}<123> 4 1.8

{554}<225> 2 5.3

{332}<113> 2 5.3

{ 112}<131> 6 5 10.6

{lOO}<OOl> 8 1.3

{110}<110> 4 0.7
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-(

From these discrete orientations, C-coefficients and an ODF were calculated using a

Gaussian spread of Il degrees together with the McGill texture software [105]. The model

ODF and two X-SO experimentai ODF's are illustrated in Fig. 5.36.

Comparison of the model ODF with the measured ODF's, Fig. 5.36, reveals a

number of discrepancies between the calculated and experimental textures. Firstly, the

distributions of the intensities of the idea1 orientations are different. Secondly, sorne

predicted orientations, such as the cube {lOO}<OOl>, are absent in the measured ODF's.

The intensities of the orientations derived from the same parent texture components display

significant differences in the product ODF's. These observations imply that sorne type of

variant selection among the 24 possible orientations has occurred.

The fact that air cooling and rapid cooling result in textures that differ from the

predicted OnF indicates that variant selection is directly influenced by the processing

conditions. The greater differences between the model onF and the ODF diagram of the

rapidly cooled sample indicate that variant selection, i.e. a deviation from the KS

predictions, is more pronounced when accelerated cooling is employed during

transformation. Cooling rate and cooling interruption temperature affect the selection of

some variants over others and aIso change the distribution of the intensities of the product

components. The effeets of cooling rate and cooling interruption temperature on texture

were discussed in the previous sections. In order to determine which orientations are

selected during transformation, the predicted volume fractions are compared here with the

observed volume fractions ofselected idea1 orientations.
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Figure 5.36 (j)2 = 45° sections of (a) model, (b) and (c) experimental ODF's. The

experimental textures are from the X-SO plates finish rolled in the 'Y region.
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For this purpose, volume fractions of the ferrite texture components were calculated

from the experlmental ODF's using the software of Ref. 137 for two sets of samples finish

roUed in the austenite region. The results of the volume fraction calculations are presented

in Tables 5.2 and 5.3 for the samples reheated at high and low temperatures, respectively.

The volume fractions of the product components in the predicted ODF, Table 5.1, are

compared with those of the measured ODF's, Tables 5.2 and 5.3, in Figs. 5.37, 5.38, and

5.39. The measured ODF's were detennined on samples processed at different cooling rates

and cooling interruption temperatures.

It can be seen from Fig. 5.37 that the rotated cube {IOO}<110> has nearly the same

volume fraction as predicted by the K-S relation. By contrast, the volume fractions of the

two other components, i.e. {112}<110> and {113}<110>, are appreciably higher than the

predictions. This is particularly significant for the {113}<Il0>, which indicates the

favouring ofthis component during both nucleation and growth.

Orientated nucleation and selective growth are two mechanisms that lead to

deviations from the K-S predictions. However, the relative contributions of these two

mechanisms can vary significantly, depending on the processing parameters. Selective

growth is affected by steel chemistry and cooling rate during transformation. In martensite

or at low CIT's, oriented nucleation is likely to be the prevailing mechanis~ whereas

selective growth may also be active in the air cooled or higher CIT samples.

Thus, it seems that the {113}<110> and {112}<110> components foem in the air

cooled samples by the selective growth mechanism, a1though the number of nucleation sites

is likely to be less than in the rapidly cooled samples. As discussed in Chapter Four, acicular

ferrite fonns by a displacive growth mechanism without diffusion [123, 125].
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Table 5.2

Texture Development duri"g the ".to-a Transformotion

Volume fractions of the ideal orientations in the X-SO high RT

and high FRTsamples.
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TMP Schedule Cooling Rate

Rebeating at 1275°C Air
20 oC 5-1 40 °e 5-1

Finish Rolling at Cooled Cooling Interruption Temperature, oC7800 e

620 520 1 420 620 1 520 1 420
Ferrite Ideal Volume Fraction of tbe Ideal Orientation, %
Orientation

{100}<110> 2.8 3.2 3.2 3.0 3.5 2.7 2.9

{113}<110> 8.3 9.6 11.2 10.8 9.3 11.9 10.4

{112}<110> 7.8 9.4 10.1 10.8 8.5 10.6 9.3

{lll}<110> 3.5 3.6 2.7 2.9 3.8 2.4 2.6

{111}<112> 4.3 5.1 5.8 6.2 5.0 5.7 5.S

{111}<123> 7.8 9.1 9.6 10.2 9.1 8.8 9.4

{554}<225> 5.8 7.2 8.7 9.2 6.9 8.0 8.5

{332}<113> 6.0 7.5 9.3 9.8 7.1 8.2 9.0

{112}<131> 10.3 11.5 13.8 13.7 12.1 11.5 13.7

{IOO}<OOl> 0.0 0.0 0.0 0.0 0.0 0.0 0.0

{1IO}<110> 1.2 1.1 0.3 0.8 0.7 0.3 0.6
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Table 5.3

Texture Development during the -,.to-a. Transformation

Volume fractions ofthe ideal orientations in the X-SO low RT

and high FRTsamples.

187

TMP Schedule Cooling Rate

Reheating at 11500 C Air
20 oC S-1 40 oC 5-1

Finish Rolling at Cooled Coolîng Interruption Temperature, oC
780°C

620 520 410 620 520 420

Ferrite Ideal Volume Fraction of the Ideal Orientation, %
Orientation

{100}<110> 2.6 3.1 3.3 2.S 2.7 2.9 3.3

{113}<ll0> 10.0 9.9 10.7 9.7 9.S Il.3 11.0

{112}<110> 9.8 9.6 10.0 10.1 10.3 10.9 10.2

{111}<110> 3.8 3.0 2.5 3.1 4.3 2.5 2.9

{111}<112> 4.2 6.2 6.5 7.5 5.9 5.8 6.3

{111}<123> 7.9 9.9 10.1 12.0 10.6 9.4 10.5

{554}<225> 5.7 8.7 9.7 10.7 8.4 9.0 9.3

{332}<113> 5.8 9.0 10.3 11.0 8.7 9.8 9.8

{112}<131> 10.5 13.7 14.0 14.5 13.6 14.6 14.0

{lOO}<OOl> 0.0 0.0 0.0 0.0 0.0 0.0 0.0

{110}<110> 1.2 1.1 0.3 0.8 0.7 0.3 0.6



Chapter Five Texture Development during the ".to-a Transformation 188

~ __....._. .__.-A

b;,"-"'--'-~

-6-{100}<110>

__ {112}<110>

____ {113}<110>

420520

CR=40OCs·1

620

12

10 8

~

If 8 ••
.~
~:: 6 •
~
~

le 4.SI
~ A·_······- .. --"-"-.::A

.( 2

0
Pre4idioll AirCooled 620 520 420

(K-S)
CR=20OCs·1

Figure 5.37 Comparison of the predicted and measured volume fractions of the three

RD fibre components in the samples reheated at high (solid Iines and

symbols) and low (dashed lines and open symbols) temperatures,

respectively.
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Figure 5.38 Comparison of the predicted and measured volume fractions of the two

ID fibre components and the {112}<131> orientation in the samples

reheated at high (solid lines and symbols) and low (dashed lines and open

symbols) temperatures=, respectively.
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Figure 5.39 Comparison of the predicted and measured volume fractions of the three

ND fibre components in the samples reheated at high (solid lines and

symbols) and low (dashed lines and open symbols) temperatures,

respectively.
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It has aIso been reported that in high manganese (about 3%) steels, sunilar textures

developed in the air cooled acicular ferrite and rapidly cooled martensitic microstructures

[29]. This is despite the expeeted differences in the nucleation textures (and in the number

of nucleation sites); these observations imply that selective growth can result in textures that

are just as sharp as the nucleation textures.

It is evident trom Fig. 5.37 that the volume fractions of {112}<110> and

{113 }<110> are the greatest in the case of the medium cooling interruption temperature of

520 oC. Assuming a 'hucleation texture" for the rapidly cooled samples, it can be

concluded that the nucleation rate of the product phase, i.e. the acicular ferrite as discussed

in the previous chapter, was highest at 520 oC. This supports the view advanced above that

the optnnum nucleation rate occurs at moderate cooling rates and medium cooling

interruption temperatures.

The intensities ofthe other ideal orientations, 5uch as the {332}<113>, {554}<225>,

and {112}<131>, are much higher than the predicted values, Fig. 5.38, even in the case of

the air cooled samples. This implies that oriented nucleation has taken place or that

selective growth occurred in these cases. However, accelerated cooling led to more variant

selection, especially at the moderate cooling rate of 20 oC S·1 and the low CIT of 420 oC.

These ferrite components can thus be considered as primarily oriented nucleation

orientations.

The greater differences between the volume fractions of {112}<131> in the low RT

samples and in the predictions, as compared with the high RT samples, are probably related

to the intensities of the parent texture components, i.e. the S in this case, than to variant

selection. As discussed in the previous section, greater Sv values lead to higher volume

fractions of S, whereas the brass component is either unchanged or even decreased by

increasing Sv.
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The volume fractions of the ND fibre components are higher than the predicted

values, Fig. 5.39. The volume fractions ofthese components are close in the air cooled and

rapidly cooled samples, which implies that selective growth may also have been an effective

mechanism, in addition to oriented nucleation. This is evident from the lower volume

fractions of the {Ill }<110> in the rapidly cooled samples than in the air cooled ones, Fig.

5.39.
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Planar Anisotropy

ofYield Strength

6.1 Introduction

The defonnation behaviour of a polycrystal is an average of that of the individual

grains. Because single crystals are intrinsically anisotropie, preferred crystallographic

orientations or textures are the essential cause ofthe anisotropy of mechanieal properties in

metals. Since the work ofLankford et al. [142], r-value bas been related to preferred grain

orientations. Many researchers [143-146] have subsequently studied the "planar

anisotropy" of flat products by correlating the characteristics of crystallographic slip to the

texture.

Modified versions of the Taylor approach have been proposed, such as the relaxed

constraint models, in whieh certain components of the strain rate tensor are relaxed in the

grains. AlI relaxed constraint models are based on the observation that the grains are not

equiaxed, but rather flattened (pancaked) or elongated (Iath-shaped).
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For the manufacture of spiral welded pipe from skelp, it is desirable to have higher

strengths in the hoop rather than in the longitudinal direction, see Fig. 6.1. For this purpose,

knowledge of the influence of processing parameters on the anisotropy of mechanical

properties is required. In faet, a1l the processing parameters affecting the texture, as

described in the previous chapter, influence the planar anisotropy ofthe plates.

In this chapter, the effects of the processing parameters, described in Chapter Three,

on the anisotropy ofthe strength will be discussed. The relations between texture, presented

in Chapter Five, microstructure, described in Chapter Four, and the plastic anisotropy ofthe

yield strength will also be considered. The experimental results of the tensile tests are

compared with models for predicting the anisotropy in the last section. Experimental data

obtained on the anisotropy ofthejracture properties will not be presented here due to a lack

ofspace, but will be described in a separate publication [147].

Figure 6.1 Schematic representation of spiral welded pipe.
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6.2 TensUe Test Results
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As described in Chapter Three, tensile tests were perfonned on plates processed

under various TMP conditions. The yield strength anisotropy was examined by measuring

the yield strength of each plate along five directions with inclinations of0°, 22.5°, 45°, 67.5°,

and 90° with respect to the rolling direction. The results of tensile testing (the proof stress

and the ultimate tensile strength) of the X-70 and X-SO plates are presented in the following

sections. The values ofyield strength displayed in these figures are the averages of three to

five tensile samples for each direction. Experimental errors of ±2 % (±12 MPa) from the

average value are associated with these values. However, in most cases, the error was less

than ±5 MPa.

6.2.1 Low Niobium Steel

The yield and ultirnate tensile strengths ofthe X-70 plates (processed under the TMP

conditions described in Tables 3.5 and 3.6) are illustrated in Fig. 6.2. Two distinct

differences are evident in this figure. Firstly, the yield strengths vary over a larger range, i.e.

about 150 MPa, than the ultimate tensile strengths, with a 100 MPa difference between the

highest and lowest values. In other words, the ratio of yield stress to UTS along the

transverse direction changes from ri = 0.76 in the air cooled sample with a high FRT to ri =
0.85 in a rapidly cooled plate with a low FRT. This indicates the effect of grain retinement

of the ferrite on the yield strength, either by intercritical rolling or by accelerated cooling.

Hy contrast, the ultimate tensile strength, which is rnostly affected by the work hardening

rate, displays less scatter, indicating that the dislocation densities in these plates are probably

similar.
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Figure 6.2 Measured values orthe (a) yield strength and (b) ultimate tensile strength

at various inclinations to the rolling direction for the X-70 plates reheated

at 1225 oC.
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Secondly, the ratios of transverse to longitudinal yield strength are greater (with the

highest values displayed by the samples rapidly cooled at 20 oC S-I) than the ratios of the

corresponding UTS's, which increase more smoothly from the rolling to the transverse

direction. As will be seen in the Discussion section below, the main causes of tbis difference

can be linked to the textures ofthe plates and to the morphologies ofthe grains.

The very low strength of the air cooled sample finish rolled in the austenite region,

Fig. 6.2, was probably because ofthe high degree of recovery at 790 oC, which aIso resulted

in the low hardness of the ferrite, Fig. 4.16. By contrast, ferrite rolling increased the yield

strength along the transverse direction by 70 MPa (trom 470 MPa in the sample with a high

finishing temperature to 540 MPa) due to work hardening of the ferrite. Air cooling also

resuIted in the lowest anisotropy of both the yield strength and the ultimate tensile strength

as compared to accelerated cooling.

6. 2.2 High Niobium Steel

The yield and ultimate tensile strengths measured a10ng different inclinations to the

rolling direction are ilIustrated in Figs. 6.3 to 6.6 for the X-SO samples processed under the

TMP conditions described in Tables 3.7 to 3.10.

The air cooled samples display lower yield and ultimate tensile strengths than the

rapidly cooled samples. By contrast, higher strengths and greater transverse to longitudinal

strength ratios are produced by accelerated cooling. The high strengths can be attributed to

the higher dislocation densities present in the acicular ferrite and bainitic microstructures

produced by rapid cooling, as weIl as to the greater grain refinement applicable to acicular

ferrite compared ta polygonal ferrite. The higher anisotropy ratios indicate that texture and

grain morphology are very effective in this respect. These factors are considered in greater

detail in the Discussion section below.
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Figure 6.3 Measured values of the (a) yield strength and (b) ultimate tensile strength

at various inclinations to the rolling direction for the X-80 plates reheated

at 1275 oC and finish rolled at 780 oC.
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Generally, higher strengths are produced by employing ferrite intercritical rolling,

Figs. 6.5 and 6.6. This cao he attributed to the high dislocation densities introduced by

ferrite rolling. The ratios of proof stress to UTS, however, do not increase as opposed to

those displayed by the samples finish rolled above the Ar3 • This is evident in both the air

cooled and rapidly cooled plates, indicating that work hardening of the ferrite during rolling

may result in an effect comparable to that ofaccelerated cooling after roUing.

As depicted in Figs. 6.3 and 6.4, the variation in the yield strength along the

transverse direction is as much as twice that ofthe ultimate tensile strength (200 :MPa versus

100 :MPa). Here, the ratio of yield stress to UTS along the transverse direction increases

from ri = 0.76 in the air cooled sample to ri = 0.88 in a rapidly cooled sarnple subjected to

the higher RT, Fig. 6.3, and from ri =0.76 to ri =0.87 in the lower RT sample, Fig. 6.4.

Four sets oftypicai stress-strain curves of air cooled and rapidly cooled samples are

displayed in Fig. 6.7 for plates finish rolled above the Ar3 and reheated at the higher and

lower temperatures. As can be seen in this figure, the rapidly cooled samples display

continuous yielding due to their fully acicular ferrite microstructures. By contrast, in the air

cooled samples, the presence of polygonal ferrite led to less prominent continuous yielding

and even to sorne evidence for yield drops and Luders propagation. This occurred even

though there was less carbon and nitrogen in solution in the slowly cooled materials.

It is evident from Fig. 6.7 that, despite the higher initial work hardening rates (da/de)

displayed by the rapidly cooled samples, their ultimate tensile strengths are close to those of

the air cooled plates. This is due to the higher initial dislocation densities (and yield stresses)

of the rapidly cooled samples, which in tum led to the earüer satisfaction of the Considere

criterion [148].
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Figure 6.7 Typical stress- strain curves ofair cooled and rapidly cooled (CR= 20 oC

S·1 and CIT= 520 oC) sarnples finish rolled above the Ar]; (a) RT= 1275°C

and (b) RT= 1150°C.
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In order to quantify the average strength of a rolled plate, a ~ parameter is

introduced here, eq. 6.1, which is defined as the average of the yield strengths measured

along the various directions of inclination to the rolling direction. This is similar to the

definition ofthe r value from the angular variation ofr(8) [149].

(6.1)

The following pararneter is aIso defined as it pennits the planar anisotropy of the

yield strength to be quantified:

21tc/2d 1Jia=- a-a(8»)d9
te 0

ln the following sections, the average yield strengths and planar anisotropies of the

yield strength (values obtained from eqs. 6.1 and 6.2) of the X-70 and X-SO plates are

compared with the other characteristics ofthe samples.

6.3.1 Effect ofChemical Compositions

The average yield strengths (a) of the air 000100 and rapidly cooled X-70 and X-SO

plates are compared in Fig. 6.8 to the ferrite grain sizes measured on the air cooled samples.

It is evident that in nearly al1 cases the yield strengths w,ere higher when the plates were

rapidly cooled after roDing.
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X-SO plates together with the ferrite grain sizes measured on the air cooled

samples. Accelerated cooling was interrupted at 620 oC after cooling at

20 oC S·l.
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As can be seen in tms figure, the yield strengths of the air cooled X-SO sarnples finish

rolled above and below the Ar3 are higher than the corresponding values for the X-70 plates.

This can be attributed to both the finer ferrite grain sizes, as is evident in Fig. 6.8, and to

more hardening by Nb precipitation in the X-SO steel. These two factors were the main

causes of the high yield strengths of the X-SO samples, as opposed to the low Nb steel (X

70) samples, Fig. 6.8.

The air cooled X-SO sample associated with the lower RT and higher FRT displays a

higher yield strength than the higher FRT X-70 plate. However, the (J ofthe lower FRT X

70 sample is increased by ferrite rolling to a level higher than that of the X-SO plates finish

rolled above the Ar3 - This is despite the coarser ferrite grain size of the X-70 sample. This

clearly indicates that ferrite rolling results in such a high dislocation density in this case that

it compensates for the effect ofboth the finer grain size and ofmore precipitation hardening

in the higher Nb steel.

Accelerated cooling resulted in a similar variation ofthe average yield strength. The

lower strength of the rapidly cooled X-SO sample associated with the lower RT and higher

FRT, as compared to the X-70 plate with the higher FRT, was probably due to the higher

cooling intenuption temperature (650 oC instead of 620 OC). This is consistent with the

slightly higher Vickers hardness of tbis sample in comparison with the X-70 sample, see

Tables 4. 3 and 4.4. These results indicate the effect ofcooling interruption temperature on

the characteristics of the acicular ferrite, as discussed in Chapter Four, and consequentlyon

the yield strength, as discussed in the next section.
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6.3.2 Effect ofCooling Conditions Olt the field Strength Anisotropy

Law Niobium Steel (X-70)

As can be seen in Fig. 6.9, both accelerated cooling and intercritical rolling increased

the yield strengths of the X-70 plates by grain re1inement and by increasing the dislocation

density, respectively. These increases are always accompanied by increases in the

hardnesses ofthe plates with the direct proportionality specified in the literature [103].

Accelerated cooling, which results in higher yield strengt~ was associated with

greater yield strength anisotropy as weil, as compared to air cooling, Fig. 6.10. However,

ferrite rolling, which a1so increases the yield strengt~ does not contribute to the anisotropy

ofthe yield strength in this case. As cao be seen in Fig. 6.10, the yield strength anisotropy

of the air cooled samples is within the experimental error ( ±2 %), indicating that there is

almost no anisotropy in these samples.

As discussed in the previous chapter, accelerated cooling promotes variant selection

and changes the orientation distribution of the ferrite transformation products; it also

increases the severity of the fibre textures. The defonnation behaviours of individual grains

as single crystals depend on their crystallographic orientations, so that processing

parameters such as cooling rate and cooling interruption temperature can contribute to the

anisotropy of mechanical properties. Figure 6.10 shows that the highest yield strength

anisotropies occurred in the samples cooled at 20 oC S·I. As was shown in Chapter Five,

similar textures were developed in the X-70 plates rapidly cooled at 6 oC S·1 and 20 oC S·1 •

It can therefore be concluded that the morphology of the acicular ferrite (or bainite) also

contributes to the yield strength anisotropy. This issue is discussed in the next section.
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High Niobium Steel (X-80)

As was shown in Chapter Four, accelerated cooling of the X-SO plates produced a

fine microstructure of acicular ferrite or bainite. Air cooling of the X-BO plates developed a

mixture of polygonal ferrite and acicular ferrite microstructures. The bainitic ferrite that

grows trom defonned austenite is known to contain a greater density of dislocations [150];

this is expected from the displacive mechanism of bainite formation, in which ferrite cao

inherit the dislocations present in the parent austenite [151]. However, such inheritance is

more efFective during accelerated cooling as the amount of recovery is limited. Tsuzaki et

al. [152] demonstrated that much smaller aspect ratios of the bainite sheaves are adopted by

transformation from defonned austenite, leading ta a finer ferrite grain sae.
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As discussed in Chapter FOUT, greater values of the effective interfacial area of the

austenite (Sv), which represent the degree of austenite defonnation before transformation,

provide more nucleation sites for acicular ferrite or bainite, leading to finer microstructures.

This is evident from Fig. 6.11, where samples associated with low FRT's (with greater Sv

values) have higher yield strengths.

There is extensive evidence that dislocations are predominantly generated at grain

boundaries at low strains [153-156]; such generation has even been obselVed at stresses

below the yield stress [157]. It can therefore be postulated that the higher Sv's of the

samples associated with the lower FRT's were responsible for the higher dislocation

densities. The other source of dislocation production in these samples could be work

hardening ofthe ferrite during intereritical rolling.

The degree of supercooling during accelerated eooling is another effective grain

refinement parameter as it increases the ferrite nucleation rate. As was shown in Chapter

Four, an intennediate cooling rate employed in conjunction with an intennediate eooling

interruption temperature resulted in more grain refinement which, in tum, led to higher

strength, as can be seen in Fig. 6.11.

It is apparent from Fig. 6.11 that, when the higher cooling rate was employed, higher

yield strengths were produced in the samples associated with the lower RT and higher FRT

than the corresponding higher RT plates. This implies that, despite the reduced precipitation

hardening (due to less Nb in solution), greater grain retinement and higher dislocation

densities were developed in these plates. By contrast, the strengths of the lower RT air

cooled and moderately cooled (20 oC S·l) samples were lower than the corresponding higher

RT samples. This is despite the higher Sv values (i.e. possible finer grain sizes) in these

plates, and indicates the effect of supercooling on grain refinement and on increasing the

dislocation density.
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Figure 6.11 Effects of cooling rate and cooling interruption temperature on the yield

strength anisotropy ofthe X-80 plates; (a) to (c) CR=40°C s-t,
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The yield strengths of ail the X-SO sampIes presented in Fig. 6.11 are compared with

their hardnesses in Figs. 6.12 to 6.14. As can he seen in these figures, there is reasonable

agreement between the hardnesses and yield strengths ofthe plates. This again confirms the

conclusions about the effect of cooling rate and cooling interruption temperature on the

yield strength by refinement of the acicular microstructure and raising the dislocation

density.
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Figure 6.12 Yield strength versus hardness in the air cooled X-SO plates.
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6.3.3 Planar Anisotropy ofthe Yield Strength

The planar anisotropies of the X-SO yield strengths were calculated using equation

6.2. These values are i1lustrated in Figs. 6.15 and 6.16 for the samples finish rolled above

and below the Ar3, respectively, together with the corresponding texture indices calculated

from eq. 5.2.

It is evident from Figs. 6.15 and 6.16 that lower degrees ofyield strength anisotropy

were developed in the air cooled samples. It was shown in the previous chapter that an

increase in the severity of the texture (texture index) in these samples was accompanied by

increases in the RD and ID fibre intensities. Here, no direct relations between the intensities

ofthese fibres and the yjeld strength anisotropies were deteeted. However, as can be seen in

Fig. 6.15, the anisotropies of the rapidly cooled samples finish rolled in the austenite region

generaUy increased with the relevant texture indices.

More scatter of the yield strength anisotropy was obsetved in the sarnples finish

rolled in the two phase region so that the correlation between the anisotropy of the rapidly

cooled samples and their texture indices, Fig. 6.16, is not quite as good. Nevertheless, it is

evident that the low RT samples, with sharper textures (i.e. higher texture indices), have

more planar anisotropies. The faet that there is more scatter in the results for the rapidly

cooled and low FRT samples implies that the grain morphology (acicular ferrite in the

rapidly cooled plates and/or pancaked ferrite in the low FRT samples) and the dislocation

distribution may also play roles in determining the planar anisotropy.
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Figure 6.15 Anisotropy ofyield strength ofthe X-SO steels finish rolled above the Ar3;

(a) RT=1275 oC and (h) RT=1150 oC.
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6.3.1/ Model Predictions of field Strength Anisotropy

There are severaI models that can be used to calculate the properties of polycrystaIs

from their textures. In tbis investigation, the relaxed constraint methods were employed

together with the full constraint model for calculation of the normalized yield stress ratio

(0(9)/0(0». The relaxed constraint models take into consideration the grain morphology by

relaxing sorne of the shear components; this leads to a decrease in the number of active slip

systems trom five in the full constraint model to four (lath model), three (pancake model),

and two (Re2 model), respectively.

The angular variation of nonnalized yield stress (0(9)/0(0» was simulated using a

gaussian orientation distribution for each texture component. The order of truncation was

22 (lmax = 22), and a gaussian spread of COo = 15° was employed together with a

background of 30% random orientations. Here, the ratios of the critical resolved shear

stresses (eRSS) on the {IIO} and {112} slip planes, as defined by eqs. 2.16 and 2.17, were

chosen to be as = aH = 0.95. Predictions for the ideal texture components obtained in tbis

way are presented in Fig. 6.17.

As can be seen in these figures, the behaviours of the ND fibre components (i.e.

{111}<110>, {111}<123>, and (I11}<112» predicted by the relaxed constraint and FC

models display opposite trends. Considerable differences are also observed between the

angular variations of the other orientations called for by the Fe and relaxed constraint

models. For instance, more anisotropy ofthe {113}<110> and {112}<110> is predicted by

the RC models than the Fe. This shows that the choice of plastic anisotropy model has a

strong effect on the predicted yield strength anisotropy.
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Figure 6.17 Angular variation of the yield stress ratio for selected ideal orientations;

(a) full constraint (FC) and (b) lath model.
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Figure 6.17 (continued) (c) pancake (Re3) and (d) RC2 model.
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Substituting K(8) for 0'(8)/0(0) the anisotropy of the yieid stress ratio (L1K) can he

defined using eqs. 6.3 and 6.4, Ieading to the dependences shown in Fig. 6.17 for the ideal

orientations considered above.

- 211t/2 2 r~/2 0'(0) (
(J = TC 0 0'(8)d6 = te Jo a(O)K(8)d8 =-8- Ka + 2K22•S + 2K45 +2K67.5 +~o)

=a(O)· K (6.3)

Au =; J:'2 (lu - u(8)I)d8 =; I:''<I<1(O)K - a(O)K(8~)d6

= <1~O) OK -K;.I+ 21K - K22.sl+ ~K - K4S I+ 21K - ~.sl+IK -~I)
=0'(0)· Al( (6.4)

The planar anisotropies (L1K) associated with various crystallographic orientations

predicted by the different modeis are displayed in Fig. 6.18. As can be seen, the lath and

pancake models caU for higher pIanu anisotropies than the other two models, the greatest

values pertaining to the RD fibre components. According to the predictions of the models

employed, the ND fibre components are associated with the lowest anisotropies. The ID

fibre components, especially the {332}<113>, also display relatively high anisotropies ofthe

yield stress ratio when the lath and pancake models are employed.

Calculations based on the method described above were carried out for two

combinations of ideal orientations, leading to the results presented in Fig. 6.19. For this

purpose, two RD ({113}<110> and {112}<110», two TD ({332}<113> and

{554}<225», and two ND ({111}<123> and {111}<112» fibre components were

selected, together with the transfonned S ({112}<131» orientation.
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Figure 6.18 Anisotropy of the yield stress ratio (L1K) predicted by different models for

the ideal orientations considered here.

When equal fractions of these orientations are combined, it appears that a higher

yield stress ratio is called for by the FC than by the pancake and RC2 models, Fig. 6.19a. It

is therefore evident that the yield strength anisotropy depends largely on the choice ofplastic

anisotropy model. By contrast, when the volume fractions of the two RD fibre components

are about twice those applicable to each of the remaining components, the transverse yield

stress ratios predicted by the pancake and Re2 models increase, Fig. 6. 19b.
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Figure 6.19 Angular variation of the yield stress ratio for {a} equal volume fractions of

the texture components considered and (b) double the intensities of the

{113}<110> and {112}<110> components. The latter change leads to an

increase in the transverse yield stress ratio (solid circles).

In the case ofthe measured textures, however, the similarities in the intensities orthe

fibre components ofthe samples processed under different TMP conditions make the choice

of model more diflicult. Nevertheless, it can be seen trom Fig. 6.20a that the calculated

transverse yield stress ratio (according to the pancake model) increases with the intensity of

the {112}<110> component in the high FRT samples. Similar remarks apply to the low

FRT samples, Fig. 6.20b, despite the errors that apply to X-ray measurements, and the

genera11y higher intensity levels.
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Figure 6.20 Transverse yield stress ratios predicted using the pancake model and the
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6.3.5 Comparison between Yield Stress Anisotropy Predictions and Experimental Resllits

The measured yield strength anisotropies of the X-70 sampIes are compared with the

model predictions in Figs. 6.21 and 6.22. The equivalent diagrams for the X-SO plates are

displayed in Figs. 6.23 through 6.26. The predictions are based on the four models

described in the previous section. The experlmental errors associated with the measured

yield strengths are shown with the aid oferror bars.

As can be seen in Figs. 6.21 and 6.22, there is reasonable agreement between the

model predictions and the experimental results up to 67.S degrees. Somewhat greater

deviation from the RC predictions is observed along the transverse direction, particularly for

the air cooled materials. The planar anisotropies of the yield strength, which were

quantified as AG = G(O);jK, are compared for the X-70 sarnples in Table 6.1 with the

measured values. This table shows that the planar anisotropies of the air cooled samples are

close to the full constraint predictions. Nevertheless, it is evident from Figs. 6.21 and 6.22

that the samples generally display behaviours consistent with the Re models.

As was shown in Chapter Four, a duplex microstructure of bainite and polygonal

ferrite developed in the air cooled samples. It was also shown, Chapter Five, that the ID

fibre components are more intense in the rapidly cooled samples, an increase that is

accompanied by increases in the volume fraction of the bainite phase. It cao be therefore

concluded that the proportion of the RD fibre components is higher in the polygonal ferrite

grains. According to the angular variations ofthe yield stress ratio presented in Fig. 6.17 for

the various texture components, low transverse stress ratios are called for by the Fe model

for the RD fibre components. As the Fe model is appropriate for polygonal ferrite, this cao

explain the decrease in the transverse stress ratios of the air cooled samples.
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Figure 6.21 Comparison between the experlmental observations and model predictions

ofthe yield strength anisotropy ofthe X-70 plates reheated at 1225 oC and

finish rolled at 790 oC; accelerated cooling was interrupted at 620°C.
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ofthe yield strength anisotropy ofthe X-70 plates reheated at 1225 oC and

finish rolled at 730 oC; accelerated cooling was interrupted at 620°C.
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Figure 6.23 Comparison between the experimental observations and model predictions

of the yield strength anisotropy of the X-SO plates reheated at 1275 oC

and finish rolled at 780 oC; (a) to (c) CR=40°C s-(,
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Figure 6.23 (continued) (d) to (f) CR=20°C S-l, and (g) air cooled.
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Figure 6.24 Cornparison between the experimental observations and model predictions

of the yield strength anisotropy of the X-SO plates rebeated at 1150 oC

and finish rolled at 780 oC; (a) to (c) CR=40°C S·I,
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Figure 6.24 (continued) (d) to (f) CR=20°C 8.
1
, and (g) air cooled.
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Figure 6.25 Comparison between the experimental observations and model predictions

of the yield strength anisotropy of the X-SO plates reheated at 1275 oC

and finish roUed at 690 oC; (a) to (c) CR=40°C s·"
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Figure 6.25 (continued) (d) to (f) CR=20°C 8-
1
, and (g) air cooled.
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Figure 6.26 Comparison between the experimental observations and model predictions

of the yield strength anisotropy of the X-SO plates reheated at 1150 oC

and finish rolled at 690 oC; (a) to (c) CR=40°C S·I,
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Figure 6.26 (continued) (d) to (f) CR=2üoC 8-
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, and (g) air cooled.
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Table 6.1 Comparison between the experimental results and model predictions of the

yield strength anisotropies (Aa '8) for the X-70 plates.

Yield Strength Anuotropy, Aa, MPa

Experimental Mode' Predictions

FRT,
oC

Results
Fe Lath Paocake Rel

9.1 • 19.6 14.2

7.7 15.3 18.3 1.
.. {""

..~',.

790
Air Cooled

6

20

2.9

13.2

15.6

• 10.0 12.4 9.0

.1 13.4

17.7 1.730
Air Cooled

6

6.0

11.7 7.6 14.6

16.2 11.8

20 22.7 9.9 16.7 • 14.5
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The above discussion aIso applies to the X-SO air cooled samples, Figs. 6.23 to 6.26.

As cao be seen in these diagrams, the transverse yield stress ratios increased in the X-gO air

cooled samples compared to the X-70's. Accordingly, there is a better agreement between

the model predictions and experirnental results. This is because of the increased proportion

ofthe bainite or acicular ferrite phase, which leads to a decrease in that of polygonal ferrite.

The higher volume fraction of bainite has already been shown above to produce higher

transverse yield stress ratios for a given intensity ofthe RD fibre components.

Once again, the models systematically overestimate the effect of texture on the yield

strength anisotropy associated with the transverse direction. This is more pronounced in the

samples finish rollOO above the Ar3, Figs. 6.21 , 6.23, and 6.24. As was shown in Chapter

Five, the TD fibre intensities ofthese samples were very high compared to the samples finish

rolled below the Ar3, especially in the rapidly cooled plates. The above discussion again

applies to these cases, where the high intensities of the TD fibre components decrease the

transverse yield stress ratio, Figs. 6.17b, 6.17c, and 6.17d. In the low FRT samples, the

pancaked ferrite grains also behave in the manner called for by the Re models, leading to an

increase in the transverse stress ratios.

It is evident from Figs. 6.21 to 6.26 that, in sorne cases, the values measured at 45

degrees to the rolling direction are higher than the model predictions. As can be seen in Fig.

6.17, these differences appear to result from the respective volume fractions of the ID and

RD fibre components.

The measured and predicted yield strength anisotropies (AO') for the X-SO samples

are presented in Tables 6.2 and 6.3. The rapidly cooled samples display higher anisotropies,

and therefore behaviours closer to those called for by the Re models; thus it seems that the

lath and RC2 models provide the most accurate predictions for these samples.
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Table 6.2 Comparison between the experimental results and model predictions of the yield

strength anisotropies (L\a 's) for the X-SO plates finish ro11ed above the Ar3.

Yield Strength Anisotropy, AG, MPa

Rel

15.9 11.4

27.6 18.6

18.5 13.5

27.2 18.9

17.2 12.1

21.5 15.0

24.1 16.0

PancakeLath

Mode! Predictions

18.7 21.9 :111111111111111111111111

22.9 Ifllllllll~IIIII~111 19.0

Fe

9.6 :1~llIlflllll~llllfll!

Il.6 illllllllllll~lllfll!

10.2 18.0

12.6 23.2

11.7 19.9

11.0 21.5

10.0

12.0

12.5

_ 13.0

_ 14.0

8.S

13.S

17.2

22.9

15.1

17.2

10.0

22.0

19.1

19.1

16.2

20.4

24.4

20.S

Resolts

ExperimentalFRT =780 oC

RT, CR, eIT,
oC oC S-1 oC

Air
Cooled

620

20 520

1275 420
l~~

620•
40 520

420

Air
Cooled

620

20 520

1150 420

620

40 520

420
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Table 6.3 Comparison between the experimental results and model predictions of the

yield strength anisotropies (Aa 's) for the X-SO plates finish roUed below the Ar3•

YieId Strength Anisotropy, ACI, MPa

21.3 10.8 111111111111111111111 24.0 16.8

26.3 11.2 19.0 111111111~illlllllll 16.2

19.6 10.7 11111111111flllllllll! 21.4 14.8

20.0 10.4 18.1 1IIIIIIIi~"1111111 14.9

RC2

16.3

16.0

111111111I111~1~lIllil

-

28.8 111111111~lllllllillll

PancakeLath

20.2 1111111111111111111

22.2 26.4

20.0 23.6

21.1

Model Predictions

1llIlllllli~illlllli 22.6

Fe

10.1

11.3

12.1

12.0

13.6

10.8 _ 18.5 21.7 15.3

14.6 10.3 20.7 24.3 111111111111111111\11111

15.8 11.3 20.3 23.8 "IIII~IIII~~lll!"111111

22.9

17.8

16.7

15.7

18.8 11.8 21.5 25.4 [11111111\111111111111

25.9 11.5 20.2 1111111111111111111 17.2

20.1

Experimental

Results

FRT=690°C

KT, CR, CIT,
oC oC S·I oC

Air
Cooled

620

20 520

1275 420
<'r
.:~ 620

40 520

420

Air
Cooled

620

20 520

1150 420

620

40 520

420

.t-
.~~ .
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Tables 6.2 and 6.3 show that, in most cases, the Iath and RC2 models predict the

measured values of the yield strength anisotropy quite well. This indicates that, for the

acicular microstructures of these samples, relaxed constraint models such as the lath and

RC2, in which one and three shear strain components are relaxed, are accurate.

However, considering the measurement errors of about ±4 MPa associated with the

planar anisotropies, the predictions obtained from the different relaxed constraint models are

relatively close. This is also evident in Figs. 6.21 to 6.26, in which the curves predicted

according to the FC model are far below those obtained ftom the Re models, especia1ly at

angles close to the transverse direction. It can aIso he seen that the pancake model a1ways

predicts the highest transverse stress ratio and the greatest planar anisotropy of the yield

stress as weil.
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Conclusions

In this research, the effects of TMP parameters on microstructure, texture, and the

planar anisotropy ofyield strength were investigated in two Nb microalloyed linepipe steels.

The conclusions of this work are drawn here in three sections, one for each of the three

different topics discussed in Chapters Four to Six.

7.1 Microstrllctural Evolution dl4ring Thermomechanical Processing

1- The torsion simulation of rolling schedules led to more accurate predictions of the

'tritical temperatures"pertaining to steel rolling than the empirical equations because, in this

work, the effects of initial austenite grain size and accumulated strain could be detennined.
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2- The strain aeeumulated before the Tor in this investigation was weil below the minimum

required for the initiation of DRX. As a result, it can be eoneluded that no DRX oecurs

under the processing conditions ofthis work.

3- Comparison between rneasured ferrite grain sizes and calculated Sv's reveals that,

generally, finer ferrite grain sizes are associated with higher Sv's.

4- From the higher hardnesses of the samples cooled at the higher rates, it can be concluded

that the dislocation density ofthe acicular phase increases and the packet size decreases with

eooling rate.

5- The acicular ferrite sheaves inclined at 45 degrees obselVed in the samples associated

with high pancaking strains before transformation support the displacive mechanism for the

growth ofacieular ferrite.

6- For the case of finishing in the austenite region, the hardness is at a maximum when a

medium CIT (520°C) is employed. This observation can be attributed to the higher

nucleation rate applicable to transformation during moderate supercooling; the latter appears

to result in finer packet sizes and finer precipitate dispersions in the acicular substructure.

7.2 Texture Development during the 7-to-a TransforltUltioll

1- The texture index that was used in tms work permits the severity of the texture to be

eharacterized by a single parameter; this is a measure of the extent to wmch the orientations

ofthe transfonned grains differ from a random distribution.
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2- In air cooled samples, the higher intensity ofthe RD fibre associated with higher values of

Sv can be attributed to increases in the intensity of the copper ({ 112}<111» component of

the fcc texture before transfonnation. Other workers have also shown that copper and S

are, in faet, the stabilized end orientations in the fcc materials. By contrast, the small

differences observed between the peak intensities of the TD fibres in samples with different

Sv's indicate that this fibre is much less influenced by the pancaking strain or the Sv

parameter.

3- The observation that a moderate cooling rate and a medium cooling interruption

temperatuïe led to the highest intensity of the ID fibre is attributable to variant selection.

According to a recent model, higher dislocation densities on the active slip systems (due to

less time available for recovery) are responsible for higher intensities orthe {332}<113> and

{554}<225> components.

4- The peak intensities along the ID fibres of the low FRT samples are less than 80 percent

of those observed in the high FRT materials. Thus, it appears that the higher pancaking

strains applied to the former sarnples led to a decrease in the volume fraction of the brass

component in the austenite before transformation.

5- The continuous orientation spread a10ng the line between {225}<110> and {332}<113>

on the <i>2 = 45° ODF section is referred to here as the transformation fibre. It includes the

orientations that normally have the highest intensities in the transformation texture and

shows that, as for the {332}<113>, the converted brass {112}<131> is very sensitive to

cooling rate and cooling interruption temperature.

6- The greater difference between the volume fractions of {112}<131> in the low RT

samples and in the predictions, as compared with the high RT samples, can be related to the

intensities of the parent texture components, i.e. the S in this case, rather than to variant
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selection. That is, the greater Sv values lead to higher volume fractions of S, whereas the

brass component is either unchanged or even decreased by increasing Sv.

7- It can be also argued that the finer grain sizes associated with greater Sv values resulted

in sharpening the austenite texture due to the more constraining effect of the grain

boundaries. The sharper textures in the samples associated with higher Sv's (finer grained

microstructures) can also be attributed to less shear banding and therefore to less

randomization ofthe texture.

8- The discrepancies between the calculated and experimental textures imply that sorne type

of variant selection occurred during the transformation. Oriented nuc1eation and selective

growth are the two mechanisms that lead to deviations from the K-S predictions. Selective

growth is affeeted by steel chemistry and cooling rate during transfonnation and appears to

be active in the air cooled and higher CIT samples. Under the lower CIT conditions,

oriented nucleation appears to be the prevailing mechanism.

9- The high intensities of the {113}<110> and {112}<IIO> components in the air cooled

samples imply that selective growth can result in textures just as sharp as the oriented

nucleation textures.

7:3 P1tuuIr Anisotropy ofthe Yleld Strength

1- The higher strengths produced by intercritical rolling cao be attributed to the high

dislocation densities introduced by ferrite rolling. The higher pancaking strains of the

samples associated with the lower FRT's are responsible for the higher dislocation densities.

8uch work hardening of the ferrite during rolling results in strengthening effects comparable

to that ofthe grain refinement attributable ta accelerated cooling.
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2- An intermediate cooling rate employed in conjunction with an intermediate cooling

interruption temperature results in more grain refinement (by increasing the ferrite nuc1eation

rate) which, in tum, leads to higher strength.

3- There is good agreement between the hardnesses and yield strengths of the plates, with

the direct proportionality specified in the Iiterature. This confinns the conclusions advanced

above regarding the effect of cooling rate and cooling interruption temperature on the yield

strength by refinement ofthe acicular microstructure and raising the dislocation density.

4- The variations in yield strength along the transverse direction are as much as twice those

of the ultimate tensile strength. This indicates tOOt the texture and grain morphology have

more influence on the planar anisotropy ofthe yield strength than on that ofthe UTS.

5- Finer ferrite grain sizes and more hardening by Nb precipitation in the X-SO steel were the

main causes of the higher yield strengths of these samples, as opposed to the low Nb steel

(X-70) samples.

6- In the X-70 plates, despite the similar textures developed in the samples rapidly cooled at

two different rates, the yield strength anisotropy increased with cooling rate. It cao

therefore be concluded that the morphology of the acicular ferrite (or bainite) also

contributes to the yield strength anisotropy.

7- Generally, the planar anisotropy of the yield strength is fairly low when the sample is air

cooled; conversely, it exhibits its highest level when the lowest cooling interruption

temperature is employed. This is accompanied by an increase in the sharpness ofthe texture

(texture index) in the samples with high FRT's. Nevertheless, in the low FRT samples, it

appears that the mixed microstructure of pancaked ferrite and acicular ferrite also plays a

role in determining the planar anisotropy.
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The TD fibre components, especially the {332}<113>, display somewhat lower anisotropies

of the yield stress ratio when the lath and pancake models are employed.

9- The measured yield strength anisotropies are in relatively good agreement with the model

predictions. The rapidly cooled samples display higher anisotropies, and therefore

behaviours closer to those called for by the Re models than the air cooled samples. For

materials containing acicular microstructures, the lath model provides the most accurate

property predictions.
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Statement ofOriginality and Contribution to Knowledge

In the series oftorsion tests that were carried out in this study, a temperature control

program was utilized instead of the interpass time control program, so that each pass

defonnation was perfonned at a specifie temperature. In this way, the industrial conditions

were directly simulated by torsion testing for the tirst time.

In this Ph.D. program, the effects of TMP conditions such as soaking and finish

rolling temperature on the intensities of the texture components were studied in two low

carbon Nb steels. The influence of these parameters on the planar anisotropy of the yield

strength, which is a new issue, were determined experimentallyand modelled theoretically.

The influence of different cooling rates after rolling on the yield strength anisotropy

was determined and described. In this regard, the effect ofcooling interruption temperature

on the microstructural evolution and texture development during continuous cooling was

studied for the tirst time.

The effects of the cooling conditions (cooling rate and cooling interruption

temperature) on the transformation texture were interpreted in terms ofthe relation between

the various y-to-a transformation products (such as bainite and acicular ferrite) and the

texture components that are expected to fonn on the basis of the Kurdjumov-Sachs

relationship.

The concept of a transformation (TR) fibre was introduced here and defined as a

continuous orientation progression a10ng the line between {225}<110> and {332}<113> on
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the~= 45° onp section. This fibre includes the orientations that normally have the highest

intensities in the transformation texture.

The effective interfacial area of the austenite (Sv) was shown to be more effective

than the pancaking strain with regard to increasing the intensity ofthe transformation texture

in ferrite, particularly that ofthe transformed copper component.

From the measured ferrite textures, the distribution of the ideal components of the

austenite texture was deduced. In tbis way, it was concluded that greater Sv values lead to

higher volume fractions ofthe copper and S components in the hot roUed austenite, whereas

the brass component is either unchanged or even decreased by increasing Sv.

The experimental results indicate that selective growth is active in the air cooled and

higher CIT sampies, whereas oriented nucleation is the prevailing variant selection

mechanism under the lower CIT conditions. In a similar manner, the high intensities of the

{113}<110> and {112}<Il0> components in the air cooled samples suggest that selective

growth cao result in textures that are just as sharp as the oriented nucleation ones.

Two parameters «(J and .da) were introduced in this work to quantify the average

yield strength and planar anisotropy ofthe yield strength, respectively.

It was demonstrated that the choice of plastic anisotropy mode], especially for the

duplex microstructures of pancaked ferrite and acicular ferrite in the low FRT samples,

affects the yield strength anisotropy predicted from the texture measurements. Of the four

models examined, the lath and RC2 models were shown to predict the planar anisotropy of

the yield strength in the rapidly cooled samples most accurately.
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