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Abstraet

IF 409 stainless steel is a common industrial steel grade used in automotive

exhaust systems. It combines a high formability with the corrosion resistance associated

with stain1ess steels. Two particular grades of IF 409 were used in these experiments: a

titanium stabilized and a titanium-niobium stabilized. The current work explores the

mechanical behavior of tbis grade with emphasis on the occ:urrence of dynamic

recrystallization. Hot torsion tests were performed over a range of temperatures and

strains to detennine the behavior. The tests were anaIyzed using the flow curves, optical

microscopy, and texture measurements. The optical micrographs indicated that dynamic

r~--rystallization was occurring. The texture results confinned that the titanium stabilized

steel dynamically recrystallized around lOOOoC and the titanium-niobium grade

recrystallized around 1200°C. In addition, the eff'ects of strain and temperature were

quantified. The results aIIow the feasibility of dynamic recrystallization in industrial

applications to he detennined.
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Résumé

Les aciers inoxydables 409 IF sont des aciers ferritiques communs utilisés dans l'industrie

automobile pour les conduites d'échappement des fumées. Ds associent une bOMe formabilité

avec une bonne résistance à la corrosion, comparable aux aciers inox de la serie austenitique 304.

Deux nuances de 409 IF ont été étudiées: une stabilisée au titane, l'autre au titane-niobium. Le

présent travail explore les propriétés mécaniques de ces nuances avec une attention particulière

pour la recristallisation dynamique. La microscopie optique a mis en évidence la présence de ce

type de recristallisation. Les textures résultantes confirment qu'autour de l000°C la nuance titane

recristallise dynamiquement alors que la nuance titane-niobium ne recristallise qu'à partir de

1200°C. De plus, les effects de la quantité de déformation et de la temperature ont été étudiés.

Les résultats montrent que la recristallisation dynamique pourrait être utilisée lors de procédés de

déformation industriels qui restent à déterminer.

i i
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Chopter 1 Introduction

CbapterI

INTRODUcnON

Stainless steels can be divided into two major types: austenitic (300

grade) and ferritic (400 grade). Currently, austenitic staioless steel grades

are the Inore extensively used in industry. This situation arises because the

mechanical properties are superior over a range of temperatures. However,

the use of the austenitic grades is limited worldwide because of the high

cost due to the relatively large amount nickel present. Ferritic staiuless

steels are widely used as sheet in the automotive industry (approximately

250,000 tons/year of 409). The principal uses for ferritic stainless steel

sheet in the automotive industry are in exhaust systems, exterior trim, and

mufflers. Ferritic stainless steel is ideal for these applications because of

its adequate corrosion resistance, excellent bigh temperature resistance to

oxidation, good weldability and forming characteristics. In addition to its

automotive uses, 409 is used in smaller amounts in the food and hospital

industries, furnishings, transportation, and chemical industry applications.

Ferritic stainless steels have certain advantages over competing

materials (such as austenitic stainless steels, superalloys, and standard

carbon steels), namely lower alloy content (hence the lower cost), excellent

resistance to pitting and crevice corrosion caused by chlorides, and they

1



•

•

Chopter llntroduclion

have remarkable corrosion resistance in other environments (organic acids,

urea production, and caustic environments).

When compared to the mechanical properties of austenitic stainless

steels, the ferritic steels typically have a higher yield strength, but a lower

work-hardening rate. This characteristic makes ferritic stainless steel much

less suitable than austenitic stainless steels for applications involving

forming by stretching. However, ferritic stainless steels are more easily

formed at room temperature by most methods.

Ferritic stainless steels have a much higher stacking fauIt energy,

which tends to encourage recovery over recrystallization. This tendency

makes the improvement of properties by grain retinement extremely

difficult. However, recent work has suggested tbat a 6 window', or certain

range of thermomechanical processing variables, of recrystallization does

indeed exist in interstitial free 409 stainless steel and in conventional

interstitial free steels. Thus, thermomechanical processing in this 6 window'

could be used to control and improve the final properties of the steel.

The primary objective of this work, then, is to determine the

thermomechanical processing (TMP) variables where dynamic

reerystallization will occur. In addition, the effect of stabilizing elements,

such as niobium and titanium, on the recrystallization behavior of the

ferritie stainless steel was examined. The experiments were performed on

two steels, one titanium stabilized and one titanium and niobium stabilized.

These steels were deformed in a hot torsion machine to attempt to generate

dynamie recrystallization. The latter was characterized from the flow

curves, microstructure, and texture analysis.

2
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In chapter 2, the current understanding of the important concepts

involved in this work is discussed. Chapter 3 provides the relevant

information about the experiment procedure and methods used in this work.

The results of these experiments are listed in chapter 4. Chapter S contains

the discussion of these results. Finally, the conclusions are provided in

chapter 6.

3
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Cbapter II

Literatare Review

2.0 Background

Unlike typical steel grades, stainless steels are not designed for

mechanical properties or formability, but ratber for their corrosion and

oxidation resistance. The 'stainless' appellation arises Crom the resistance

to staining, rusting, and pitting in air. This property requires the addition

of from II to 30% chromium, with otber alloying clements improving the

stainless characteristics.

2.1 Classification

The classifications are based upon chemical composition and otber

properties. Typically, six different types are identified in the literature;

ferritic, austenitic, martensitic, manganese-substituted austenitic, duplex

austenitic-ferritic, and precipitation-bardening stainless steels [1]. Tbe

typical ranges of compositions arc listed in Table 2.1 .

4
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Table 2.1 Typical compositions of selected stamless steel classifications.

Name Cr (wt%) Ni C Mn Si

316 16-18 10-14 0.08 2.0 1.0

Austenitic

409 Ferritic 10.S-11.7S - 0.08 1.0 1.0

403 11.5-13 - 0.15 1.0 0.5

Martensitic

329 26 5.0 0.08 - -
Duplex

630 16 4.0 0.4 0.2S 0.60

Precipitation-

Hardening

2.1.1 Ferritic

The name for this classification arises from the crystallographic

structure of this family. Typically, ferritic stainless steels contain between

Il and 29% chromium and very low carbon levels. This family is

characterized in the lower chromium range by fair corrosion resistance and

good formability at a low cost. The higher chromium content ferritic

stainless steels are used in applications requiring a high resistance to

oxidation and corrosion. However, poor weldability Iimits their use, even

with very low carbon levels.

5
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2.1.2 Austenitic

As with the ferritic grades, the austenitic name originates from the

crystallographic structure. High levels of nickel are added to this steel

grade for corrosion resistance, which stabilizes the austenitic structure at

ail temperatures and leads to a high cost. This grade has an inherently

strong corrosion resistance and good formability because of the Fee
structure. Anothcr advantage of tbis grade is the relative ease of

recrystallization, which allows for better control of the mechanical

properties.

2.1.3 Martensitic

These grades use the qucnch and temper process to achieve very high

strengths with reasonable ductility. Because of the high alloy content,

these steels have a superior hardenability. The advantage of the high

hardenability often leads to degradation of the corrosion resistance.

2.1.4 Manganese Substituted Austenitic Stainless Steel

Similar to the standard austenitic stainiess steels, this steel relies on

the austenite stabilizing property of manganese in lieu of a completely

nickel-based stabilization. The main difference in properties from

austenitic stainless steels is higher strength.

2.1.5 Duplex Austenitic-Ferritic Stainless Steel

Unlike the other stainless steels (typically), this steel is a marriage of

both the austenitie and ferritie phases. The mechanical and corrosion

6
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properties are a blend of those of the component phases. The result is

desirable corrosion and mechanical properties.

2.1.6 Precipitation-hardening Staînless Steels

These steels use a composition that encourages precipitation in

either a martensite or austenite matrix. The precipitation increases the

strength of the steel so that these steels have the highest strengths and

operating temperatures.

2.2 Development of Stainless Steel Chemistries

White the iron-carbon system has major advantages in the

combination of strength, ductility, toughness, formability, and low cost,

one of the principal problems of the system is the susceptibility to

corrosion and oxidation. Possibly the first observation of the effect of

chromium additions to iron was made by Berthier in 1821 [2]. He al50

noticed that increased amounts of chromium led to even better corrosion

resistance. One of the driving applications at this time was in the cutlery

industry. Berthier's 1.5% Cr steel had high hardness with superior

corrosion resistance to carbon steels. However, researchers were unable to

determine "optimum" compositions due to experimental inconsistency

because of the vague definition of "stainless" steels. At the beginning of

this century, several researchers from France and Germany published works

on chromium steels [3-5]. Between 1900 and 1909, these researcbers

concentrated on ferritic (13% Cr) and martcnsitic (17%) stainless steels.

In 1909, the French metallurgist Guillet published work on the chromium

nickel austenitic stainless steels. Subsequent work, notably that of

Monnartz from Germany [6], outlined the actual role of chromium and

• carbon on passivity. The practical trials of these steels were tirst

7
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performed from 1910 to 1915. The understanding of stainless steels

progressed slowly but steadily over the eosuing years. During the Second

World War, the substitution of Dickel by manganese and nitrogen were

investigated due to shortages in Europe. Precipitation-hardening stainless

steels, while investigated in the 19305, have been heavily researched and

developed ooly recently.

2.3 General Characteristics of Ferritic Stainless Steels

Ferritic stainless steels have a chromium content re,nging Crom Il to

29%, but are more likely found with chromium contents in the 17 to 26%

range. The balance is mainly irone A simple iron-chromium alloy would be

Cully ferritic up to the melting point with chromium contents greater than

or equal to 17% [7]. However, the addition of 0.1 % carbon will cause

austenite particles or "stringers' above 1000oC. The amount of austenite

depends on the carbon and nitrogen levels in the system and the presence

of austeoite stabilizing and ferrite stabilizing elements present. As would

be expected, the amount of austenite increases to a maximum and then

decreases again with increasing temperature, Fig 2.1 [8].
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One of the problems of ferritic stainless steels is that above 1140°C,

the 17% Cr steels become fully ferritic and grain coarsening increases.

During cooling, austenite typically precipitates at the ferrite grain

houndaries as a Widmanstatten structure. This adversely affects the

weldability of the steel, as these austenite particles transform to martensite

upon cooling to room temperature.

Another problem characteristic of all stainless steels is sensitization,

although it is typically associated with austenitic stainless steels. In

ferritic stainless steels, sensitization results from quenching from

temperatures above 92SoC. This condition often arises from welding.

When sensitization occurs, carbon in solution combines with the chromium

aiso in solution ta form precipitates. Since mobility for alloying elements

is highest near the grain boundaries, the regions nearest the grain

boundaries May lose enough chromium in solution to be susceptible to

intergranular corrosion. This intergranular corrosion can lead to premature

failure of the material. The addition of alloying clements such as niobium

and/or titanium can prevent this behavior. The carbon and nitrogen in

solution react preferentially with these elements. The latter precipitate out

of solution as carbides or carbonitrides, preventing reaction with the

chromium needed in solution [1,9].

An added problem in ferritic stainless steels is what is known as

475°C embrittlement. If ferritic stainless steels are exposed to or cooled

through the 400-S6SoC temperature range, a noticeable decrease in

ductility occurs. As the chromium level increases, the ductility drop

increases. This decrease in ductility is generaHy belicved to be a result of

the formation of a coherent, very f"me, chromium-rich body centered cubic

phase. This phase is formed in the miscibility gap in the iron-carbon

system by spinodal decomposition, Fig 2.2 [10]. When this occurs, the

9



•

•

Chapfer Il Rev;ew

steel is generally unusable and has to undergo a heat treatment above

590°C with a subsequent rapid cool [1,11].

11IOO1--1--~"""--I---+-.L-+--+--i---f---;'~~;I

1200 1--4----I~-.....-_+--l_IrL-.....- .....--....-_+-......

1
1•••• 1 I~OCJ

600Fl".""!"o--1O....-20--..-.-.JO.r-.-...4..0-...50~-~., ......70---.-0--'O.&.-_Ql..

Weighl Pe~""tJfJe Ch'omium

Figure 2.2 Fe-Cr phase diagram [10].

FinaHy, sigma-phase embrittlement presents difficulties in the

application and production of higher carbon ferritic stainless steels. Like

415°C embrittlement, sigma-phase embrittlement is the occurrence of

another hard, brittle phase in a certain temperature range. In tbis case, at

temperatures between 540 and 870°C, sigma phase slowly forms

preferentially along grain boundaries. Also like the other form of

embrittlement, the steel is unusable in this state and the situation can be

rectified by heat treatments~ in this case above 900°C [1] .

10
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2.4 Interstitial Free Steel Characteristics

Interstitial Cree 409 stainless is characterized by the low levels of

carbon and nitrogen. These low levels are critical in lbis grade because of

the formability requirements. In Figure 2.3, the complex shapes necessary

arc illustrated. In order to increase the formability even further, alloying

additions are included in the chemistry in order to remove the carbon and

nitrogen from solution. The combination of these elements leads to the

formation of precipitates, leaving an iron-chromium matrix. This is known

as stabilization and is also critical, as mentioned above, in resistance to

sensitization.

Figure 2.3 Photo of automotive exhaust (manifold) system.

2.5 Fundamentals of Mechanical Behavior and Properties

The driviDg force for softening is the stored energy due to

deformation. The most common softening mecbanisms are recovery and

recrystallization. Recovery is a result of dislocation interactions and

rearraDgements. Recrystallization involves the formation of straiD-Cree

Il
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grains and the subsequent destruction of surrounding deformed grains.

These metallurgical phenomena will he described in the following sections.

•
2.5.1 Stored Energy of Deformation

The stored energy of deformation is the energy remalnlng in the

system after an applied strain. Most of the energy of deformation is used

in the shape change or the production of heat. However, about 1 to 5% of

the energy used in deformation remains. Obviously, this higher energy
1

state is unstable and the softening mechanisms occur ta lower it [17-19].

The cause of the increase in energy of the system is due to the

creation of various types of defects. These defects include dislocations,

point defects, stacking faults, twins, ordered regions, and precipitates, in

addition to the elastic strains present. The dislocations formed by

deformation begin to move on their slip systems and interact with other

dislocations, grain boundaries, solutes, or particles in the matrix forming

dislocation tangles or 'pile-ups'. In sorne cases, especially in BeC

systems, cross-slip can occur to aHow the movement of the dislocations on

the cross-slip plane. The strength of the material will increase during

deformation if dislocation movement becomes more difficult. This is

known as work hardening.

The amount of energy retained by cold work depends on several

factors [13], the purity of the metal being one of them. The presence of

alloy or impurity atoms in the metal aHows a larger amount of energy to be

stored. The process by which deformation is performed has a large effect

on the stored energy. The more complex the deformation, meaning the

complexity of stress gradients, strain rates, and frictional effects along

• with others, the larger the stored energy in the system. The temperature of

12
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deformation also strongly affects the amount of stored energy. Work

hardening rates increase at lower temperatures because of the lack of

thermal activation energy available to assist dislocation movement. At high

temperatures, the stored energy is actuaUy released, depending on the

activation energy of the defects present. Finally, the grain size of the

metal plays a role in the amount of stored energy of cold work. Suftice it

to say that the deformation of a small grain is more complicated than that

of a large grain because of the greater interaction with surrounding grains.

2.5.2 SofteDing Mechanisms

As mentioned above, softening, either by recovery or

reerystallization, occurs to reduce the energy added by deformation. As a

further complication, this softening can occur either during deformation

(dyoamic) or afier deformation (static or post-dynamic). The focus of this

review will be on the softening behavior in BCC metals [12,13,18,20].

2.5.2.1 Dynamic Recovery

Dyoamie recovery is the process of reorganization of dislocations

into a lower energy configuration. This process occurs by several different

mechanisms depending on temperature and material. Dislocations 0 f

opposite signs either annihilate each other by combioation or rearrange into

a subgrain or cell structure consisting of a low dislocation density core

surrounded by a higher dislocation density boundary region. This

pheoomenoD is facilitated by cross-slip and dislocation climb at higher

temperatures, Fig 2.4 [12]. It is important to note that dynamic recovery

occurs in the carly stages of deformation and continues throughout the

deformatioD.
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Figure 2.4 Sehematie illustrating dynamie reeovery at elevated

temperatures [12].

In high staeking fault energy materials Iike ferritie stainless steel,

dynamie reeovery occurs rapidly due to the ease of cross-slip. This leads

to a steady state, balancing work hardening with softening oecurring due to

rapid rearrangement of these dislocations. The steady state subgrain size

depends upon the strain rate and temperature [21]. However, in lower

stacking fault energy materials, recovery oceurs at a much slower pace and

to a lesser degree, allowing work hardening and stored energy to increase

to higher levels [12].

2.5.2.2 Dynamic Recrystallization

Dynamie reerystallization relies on the stored energy remaining after

dynamie reeovery reaches a maximum attainable level (whieh is lower than

the amount of energy input by deformation, obviously). In most steel

systems in the austenitic region, the energy input is higher than that

dissipated by dynamic recovery. When this level reaches a critical point,

new strain-free grains are nueleated during the deformation. This

• phenomenon is known as dynamie reerystallization. However, in most high
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staeking fault materials y the softening achieved by dyoamie recovery is so

high as ta prevent the critical enerlY level from beinl reached. The most

common method of determicinl the occurrence of dynamic recrystallization

is by examining the Dow curve. Typieal dynamie reerystallization is

characterized by the presence of a peak (or peaks) in the stress-strain

curve, followed by a steady state, Fig 2.S (22]. In certain cases y multiple

peaks are reached.

..-

Figure 2.5 Stress-strain curve illustrating salient points of dynamie

recrystallization [22] .
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2.5.2.2.1 Nueleation of DYDamie Rccrystallization

NueIeation is typically said to begin at a critical strain, &c (&c=O.8&p)

[23,24]. This value reprcsents the amount of stored energy required to

overcome the barrier to nucleation [25,26]. The dislocation density

required for Ducleation depends upon strain rate, temperature, chemical

composition, and other factors. At low strain rates, dynamic

recrystallization is nucleated by the bulging of prc-existing grain

boundaries [27,28]. Nucleation at higher strain rates occurs by growth of

the high angle boundary cells formed by dislocation interaction as

described above [29,30]. The driving force for the migration of the

boundaries is the difference in dislocation density (and, thus, stored

energy) between the highly deformed matrix ahead and the less highly

deformed matrix behind this boundary [25,26]. In general, the preferential

sites for nucleation occur along the existing grain boundaries. This

behavior is described as 'necklacing', referring to the band of fine, new

grains surrounding an older, deformed grain. These new grains grow into

the older grain until impingement with other growing grains talees place.

Once ail of the grain boundary sites are oceupied, new grains are formed at

the boundary between the recrystallized and unrecrystallized grains, Fig 2.6

[31 l.

Dynamic recovery is an important preeursor to dynamic

recrystallization. The substructures formed during recovery are the basis

for the nucleation sites in recrystallization [32-34] .
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Figure 2.6 Nceklacing during dynamie reerystallization [31].

2.5.2.2.2 Dynamie Recrystallization in Ferritie Stainlcss Steels

One important point relevant to the system under investigation is the

effeet a high staeking fault energy has on the dyoamie recrystallization

behavior. As mentioned above, high stacking fault energy metals tend to

reeover to a high degree. This propensity Iimits the possibility of dyoamie

reerystallization by removing most of the driving force 50 a eritieal level is

Dever reaehed. In faet, dyoamie reerystallization bas only rarcly bcen

• noted for most BeC metaIs [35,36]. However, in tbe work on similar
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materiaI by McQueen el a/. (37,38], results showing the localized

occurrence of dYDamic recrystallization near 'Y-particles bas been Doted at

temperatures above 1100°C at a strain rate of 1.0 5.
1

• This dYDamie

recrystallization is evidenced by the formation of a substructure of smaller

cells witbin the larger cells.

Further TEM investigation revealed the presence of high angle

houndaries (>SOO) between the proposed dynamieally recrystallized grains.

The y-particles have the effect of strengtbening the material and are found

surrounded by a high dislocation density region. The y-particles are

surrounded by higher dislocation density regions due to incomplete

recovery near the a-y interface. The dislocation (hence, energy)

concentrations can exceed the critical energy barrier for the nucleation of

recrystallization. At temperatures below 1100°C, dynamic recrystallization

is generally Dot evident, except in some very isolated areas. However, in

general, the work seems to support the widely held view that widespread

dyoamic recrystallization is not very Iikely in ferritic stainless steels.

Recent work at McGilI has provided some more insight ioto this

problem. This was done by Jerzy Baczynski [39] on interstitial free carbon

steels. In this excellent thesis, Baczyoski reported the occurrence of

dynamic recrystallization in the ferritic region. The steel employed in this

work is similar to that studied in the present thesis, with the exception of

the chromium in the staioless steel. These results may seem at odds with

the paper mentioned above. This discrepancy does have an explanation.

As the steels used in the McQueen el a/. papers had a significandy higher

carbon and nitrogen level than the steels presently used or in the Baczynski

thesis, this would tend to reduce the possibiJity of dyoamic

recrystallization. In essence, results in steels with a higher interstitial

content indieate the absence of dynamie reerystallization, exeept under

18
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certain conditions. Steels with a lower interstitial content display dynamic

recrystallization behavior. These results can be explained by the need for

boundary migration during recrystallization. Any particle or solute slows

or stops the prolress of the boundary. Thus, a pure matrix would allow

the grain boundaries to move more easily, thereby promoting

recrystallization. In addition, several researchers have already noted that

dynamie recrystaUization can take place in a-iron [12,35,36,39].

2.5.3 Static Recovery

Static recovery is similar to dynamic recovery except that it occurs

during annealing, rather than hilh temperature deformation. Static

recovery is characterized by a decrease in the density and rearrangement of

the dislocations resulting from previous cold work to lower energy

configurations. The meehanism by which recovery occurs depends upon

the annealing temperature .

At lower temperatures, the low activation energy meehanisms occur.

These mechanisms include the migration of point defects to 'sinks' sueh as

grain boundaries and dislocations. In addition, the point defects interact to

reduce energy. Examples of this category include vacancy-interstitial

combination, clustering, and pairing of Iike defeets [13]. However, the

total energy lost in these processes is a quite small portion of the total.

Research has shown that only 10% of the total energy released was related

to this process, specificaUy vacancy annihilation [40].

The annihilation and rearrangement of dislocations provide the

largest energy release. At intermediate temperatures, the dislocations glide

to form tangles, whicb are configurations of lower energy. Dislocations of

• opposite signs annihilate each other. The sublrains formed by the
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dislocation movement in tangles begin to grow with thermal activation.

The tangle houndaries form a sharper two-dimensional arrangement. These

houndaries then begin to move, forming larger subgrains with a smaller

total boundary area. In addition, microtwins are formed in the subgrains

[18].

At higher temperatures, dislocations can begin to climb.

'Polygonization' cao occur with dislocation climb and a high stacking fault

energy. This happens when an excess of dislocations of one sign interacts.

These dislocations arrange vertically and, eventually, these arrangements

can form large subgrains. Another method by which recovery occurs at

higher temperatures is by subgrain coalescence. The subgrains are oCten

only slightly misoriented. The subgrains coalesce by rotating to a common

orientation, leading to destruction of the common boundary. Finally, the

subgrains can form a lower energy arrangement called 'cells'. These cells

have very low dislocation densities in the center and walls consisting of

dislocation tangles [41,42].

2.5.4 Static Recrystallization .,

•

As with dynamic recrystallization, static recrystallization is the

process of replacing deformed grain volume with a newer, strain-Cree grain.

This accurs by the migration of a high angle grain boundary through the

deformed matrix during annealing rather than during deformation at an

elevated temperature. As with dynamic recrystallization, this process

occurs in two steps: nucleation and growth. Another similarity is that a

necessary critical strain be reached before recrystallization can occur.
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2.5.4.1 Nucleation

Nucleation occurs preferentially at high energy sites such as grain

boundaries~ defonnation bands~ and particles (precipitatcs and inclusions).

Static recrystallizatioD nucleation does not differ much from standard

solid-solid phase changes in that the barrier to nuclcation is the creation of

new surface area and that the activation is thermaHy related [17~43]. The

final result of nucleation in static recrystallization is the formation of a

high misorientation angle boundary. Currently~ three different nuclcation

mechanisms have been advanced [16,17,42]. These mechanisms are

subgrain gromh, subgrain coalescence, and strain-induced boundary

migration.

The subgrain growth, or sub-boundary migration, model was first

proposed by Cahn [44]. SmalI, strain-free cells are formed by dislocation

climb and rearrangement. These ceUs grow since the diffcrence betwecn

the energy caused by the dislocation density gradient across their

boundaries is greater than the increased surface energy. The mobility of

the boundary dcpends upon the misorientation between the cell and its

neighbors. At very low (4-5°) and moderate (>20°) misorientations, the

boundary is very mobile. However, at misoricntations betwccn 5 and 20°,

the boundary is immobile, Fig.2.7 [46]. As for normal grain growth, the

large subgrains grow al the expense of smaller subgrains. As the subgrains

grow, the misorientation of the boundary increases to the point at which it

becomes a typical high angle boundary.

The subgrain coalescence model~ proposed by Hu [45], suggests that

the subgrains rotate to reduce the misorientations with neighboring

subgrains (Fig 2.8). When the misorientatioD angles are .aimi' .. the
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subgrains coalesce wbile the common exterior boundary increases in

misorientation to beeome a bigh angle one.

\
\,

20 40 60

Grain Boundary Angle

Figure 2.7 Effeet of grain boundary angle on mobility [46] .

• Figure 2.8 Subgrain coalescence model of Hu [45].
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Beck and Sperry [47] first proposed the strain induced boundary

migration model. In this model, subgrains of lower strain cnel8Y 'bulge'

into ones of higher energy (Fig 2.9). Again, the driving force is the

difference in strain energy across the boundary. The bulge eventually

encompasses the hilh energy subgrain.

A 8

•

Figure 2.9 Strain induced boundary migration [47].

2.5.4.2 Growth

As with dynamic recrystallization, the nucleus expands into the

surrounding deformed grains. The movement of the newly formed high

misorientation angle grain boundaries depends on the matrix through which

they are to move. The presence of alloying elements, both interstitial and

substitutional, of particles, and the misorientation between the nucleus and

the deformcd grain all affect the movement of the boundary. The accepted

view of the effect of alloying or impurities is that they impede the

movement of the boundary by being attracted to the high energy area

surrounding the boundary. The movement of the boundary and the now
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associated alloy atoms is retarded when moving through the matrix of

deformed grains. This can slow or stop recrystallization under these

conditions. At higher temperatures or low impurity concentrations, the

boundary cao MOye quickly enough to break away from the atoms in the

boundary region. In this case, recrystallization can proceed at a faster

pace [16,1 7,43].

2.5.4.2.1 Kinetics of Static Recrystallization

Random nucleation recrystallization kinetics can be described by the

Avrami equation [49]:

X=l-ezp(-B'l) (2.1)

where X is the fraction of recrystallized material at time t. B' is a constant

that depends on the temperature and driving force. The exponent in the

equation, k, is equal to 4 for homogeneous nucleation or 3 in the case of

site saturation in 3 dimensions. If k falls between 3 and 2, then the

equation is considered to describe a 2 dimensional recrystallization process

[16] .

Recrystallization kinetics are commonly defined in terms of the time

required for 50% recrystallization, Iso". This value depends on the strain,

€, the initial grain size, Do, and the temperature, T. For a plain carbon

steel [50]:

(2.2)

•
where Q,~" is the activation energy for rer,rystallization and R is the gas

constant. From this, the fraction recrystallized can be determined using the

IJO" •
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2.5.6 Post-Dynamie Statie Recrystallization

The softening behavior is a derivative of static recrystallization. In

this case, the nuelei are created dynamieally. Duriog the interpass interval

or after the deformation, these dynamie nuclei grow statically. In addition

to post-dyoamie statie reerystallization, the metal also undergoes typieal

static recovery and recrystallization. Post-dynamic static recrystallization

is not believed to require incubation for nucleation 50 very .rapid

microstructural changes ean occur. This tends to result in a very coarse

grain size [S 1l.

2.5.7 Effect of Stacking Fault Energy on Softening

Stacking fault energy indieates the relative case with which

dislocations can separate into' partial dislocations. High stacking fault

energy metals (such as ferritic staioless steels) have dislocations that easily

combine~as the energy required to separate widely is too high. Lower

stacking fault energy metals, on the other band, have dislocations tbat can

separate widely. This is critical in determining the nature of the softening

occurring. For recrys~allization to take place, -a high energy must be

accumulated. This will happen if the dislocations are unable to enter lower

energy configurations or, in other words, if recovery is limited. To form

these lower energy configurations cross...slïp is required. Cross-slip

requires complete (unseparated) screw dislocations. The lower the

stacking fault energy, the greater the difficulty of forming a complete

dislocation. Thus, low stacking fault energy metals are more able to

accumulate the energy required for recrystallization [18] .
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2.6 Formability

As the automotive applications in which interstitial-Cree ferritic

stainless steel are used require demanding forming operations such as deep

drawing, stretch forming, and bending, the formability of the material is

quite important. Formability is a metallurgical term that has no specifie,

agreed deflnition. Some use formability to describe workability or the

performance of a metal in a specifie fonning operation. Another defmition

is the ability to withstand the stresses of forming without failing.

Formability cao be used to describe the ease with which a material can be

shaped.

The aim of improved formability provides the driving force for the

current work. For those interested in a specifie relationship between

formability and material properties, several excellent references are

available [52-56]. Lankford et al. determined that the ratio of the width

strain to the thickness strain of a tension test specimen was an important

parameter in predictina the press performance of deep drawing carbon steel

sheets during the pressing of certain automotive components. This ratio,

R, which is called the plastic strain ratio, is a measure of the normal

anisotropy of sheet materials; it will now be discussed below.

R is most frequeotly measured by the average plastic strain ratio, R,

which is defincd as:

R = ro+ 2r45 + rIO
4

(2.3)

where 0, 45, and 90 are the inclinations of the tensile specimen axis with

respect to the rolling direction in degrees. If ro = r.cs = r,o, R =l,

indicating isotropy. As a preferred orientation, or texture, is developed,

• the value of R chanles. A Metal with an R value greater than one will
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exhibit better deep drawability than a completely isotropic one. In general,

the higher the R value, the better the formability.

The importance of texture in the final application of this work,

therefore, is more complicated than just the development of dynamic

recrystallization and its inherent texture. The final texture must also have

a favorable R value to be desirable.

2.7 Texture

In the solid state, metals cODsist of atoms organized in specifie

crystalline patterns. However, metals are not typically single crystals, but

oCCUt in polycrystalline aggregates. This, in cffect, means the metal is

composed of many different crystals. Each crystal has a specifie, and

usuaHy unique, orientation relative to some reference. However, this does

not mean that the crystals, or grains, are randomly oriented. While a

completely random orientation is possible, usuaHy this is not the case.

During plastic deformation, the crystals tend to rotate to specifie stable

orientations. These stable or 'preferred' orientations are known as

textures. In addition, when metals recrystallize,. new grains of certain

orientations preferentially grow iDto the deformed crystals. This replaces

the previous 'deformation' texture with another, a 'recrystallization'

texture.

Recovery does not have a drastic effect on texture as the resulting

orientation usually ooly varies slightly from the deformation texture. The

texture present in the material is important as most physical and mechanical

properties of a metal are dependent on the orientations of the crystals.

This means that a metal with a certain texture will exhibit a particular kiod

• of anisotropy. The forming operations associated with the automotive
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applications of IF ferritic stainless steels depend on this anisotropy for

successful deep drawing, as discussed above [18,57].

2.7.1 Texture Representations

The basic representation of texture is the pole figure. This is

essentially a stereographie projection showing the distribution of a set of

pales described by Miller indices {hi/} in orientation space. Each crystal

has a pole or orientation. A completely random texture would be

represented by a uniform intensity of pales. If a metal has a strong

texture, this would be shown by a tight cluster of poles in certain

orientations. Since textures in most polyerystalline metals can be quite

complex, often one
r

or two additiona! pole figures determined for other

crystallographie retleeting planes are used for eomparison 50 the relative

intensities of orientations are obvious.

A more complex, but more instructive representation for texture

commonly used today is the Orientation Distribution Function (ODF). Ta

summarize the principles of tbis method, it is neeessary ta describe Euler

angles. Like the pole figure, this is a way of specifying an orientation with

respect ta an external reference frame. Basically, this a relation between

the orientation of the crystal and the orientation of the sample. The

orientation of the crystal can be transformed into the orientation of the

sample by rotation. This is composed of three consecutive rotations g.a,

g41, and 8.2. The ODF is a representation of the volume of elements

(crystals) that possess the orientation g as eompared to the total volume.

A random texture would have an ODF value of 1 whereas a typical ODF

value would range from 2 ta 100, where 2 is a wcakly texturcd and 100 is a

strongly tcxtured polyerystal [S8] •
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ChapterID

EXPERIMENTAL PROCEDURE

3.0 Background

Previous to this work, the general dynamic softening behavior of

ferritic stainless steels in general and the torsion bchavior in particular was

unknown. This work provides insight ioto the evolution of torsion textures

in two interstitial·free ferritic stainless steels over a range of strains and

temperatures. The torsion test was chosen for this project due to the large

strains possible. In addition, the computer control of the dcformation

process with the torsion machine is much more precise. Determination of

the softening kinetics was performed 50 as to avoid the occurrence of

postdynamic or static recrystallizatioD. Finally, the deformed specimens

were analyzed using texture measurement and microstructural analysis.

3. 1 Materials

The chemical compositions of the steels investigated in this work are

given in Table IILI. These steels wcre kindly provided by Armco Research

in the form of 13 mm thick hot roUed plates.
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Table 3.1 Chemical compositions of the experimental materials

Staiatess Steel C N Nb Ti Cr

IF Ti Stab. 0.002 0.005 <0.01 0.23 11.1

IF Ti & Nb Stab 0.003 0.004 0.1 0.09 11.1

with: 0.5% Si. 0.2% N"I, 0.04% Mo, 0.Q20A. P, 0.003% S~ 0.3% Mn, 0.06% Cu 0.01% Al

Torsion samples were prepared from these steels in such a manner

that the sample axis corresponds to 1/4 of the slab thickness. Solid bar

specimens were used for these experiments~ with a diameter of 6.3 mm and

a gauge length of 22.2 mm. The geometry of these samples is shown in

Fig. 3.1.

12.7

.15.9

/

12.722.210.2 12.7
--.j/4-

7.0

VIEW A-A .15.9

/
tMi.3

Vl02~ A /-®-__~I ~---.

Figure 3.1 Schematic of torsion test sample [39].

3.2 Torsion Testing

The torsion tests were performed on a servo-hydraulic machine

controlled by an MTS system. The test data, twist, temperature, time, and

• torque data were acquired by computer. The torsion machine, which is
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mounted on a lathe bed, is powered by a hydraulic servovalve, Fig. 3.2,

which contrais the flow of oil ta a hydraulic motor. The rotational force is

transmitted by the rotating torsion anvil and the rotational displacement is

measured by a SO-turn potcntiometer, the limit on this particular machine.

The sample is mounted by screwing the threaded end into the stationary

anvil connected to the torque cell, while the other end of the sample is

fitted into the slot in the rotating anvil. Ta allow for the thermal

expansion involved in high temperature tests, a gap of about 2 mm was

always left between the specimen and shoulder of the rotating grip. The

applied torque was measured by a 112.98 N-m (1000 in-lb,.) torque cell. A

more detailed description of the torsion machine is given in the Iiterature

[59].

Specimen

1 Jl!adiant furnace

Hydraulic
power

1 Potentiometer
1 (50 tums)

1 Servovalve

1 Hydraulic motor

1. 1 Rotating grip

.......-.1... 1 t=====~====~

Latbebed

Torque ccII

1

Statïonary grip

! 0
U:::=:::::I

• Figure 3.2 Schcmatic of torsion test equipment [39].
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The sample was heated by a four element radiant furnace

manufactured by Research Incorporated with the temperature controlled by

a K type thermocouple which was in contact with the gage length of the

specimen. High purity argon was circulated through a quartz tube

encompassing the sample and anvils to minimize oxidation during the high

temperature tests. An Electromax process controller coupled to a Leeds

and Northrop 1300 process programmer regulated the temperature during

the test. The Leeds and Northrop 1300 both displayed the temperature and

sent the analog signal to the TestStar workstation interface (MTS System

Corp.) controlling the torsion machine.

The TestStar workstation interface was connected to a torque

control panel and to a 486 generation PC running the TestStar software

under the OS/2 operating system. The twist-temperature-time-torque data

acquired by the computer were saved as an Excel S.O file in a form suitable

for further calculations and for graphical presentation.

The various torsion tests performed both to determine the optimum

conditions for the investigation of dynamie recrystallization in the ferrite

range and to generate t~e ac.tual textures are detailed below.

3.2.1 Softening Behavior Charaeterization

The softening kinetics were measured at 1000o C. Previous work

[60] indicated that testing must be donc at a low strain rate if static

recrystallization is to be avoided in the interval before quencbing aCter the

test. As in the work by Baczynski, a strain rate of 0.1 S·l was used.

Double twist tests were carried out, Fig. 3.3, to determine the softening

kineties of the steels. Two series of softening tests were performed, one

• near the 'peak' strain and one close to fracture. The sample was deformed
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to the point in question, held at a constant temperature for a certain period

of time, then deformed again. The times held were based on a logarithmic

scale ranging from nearly 2 to 1000 seconds. The percentage of softening

was calculated as the ratio: (GMeGI)/(GMeGo) X 100, where GM is the Oow

stress at interruption and Go and GI are the 0.2% offset stresses in the flrst

and second twists, respectively. In order to be as precise as possible, the

stress values were taken directly from the data flles and plotted in the form

of softenïng versus holding time diagrams.

10
ID
~
~

ID

•2
t-

\ ,-------
~lstTwist 1

0.002 initial strain True stnIin

•

Figure 3.3 Schematic representation of the 0.2% offset method for

calculating the softenÏDg kinetics [39] .
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3.2.2 Continuous Torsion Tests

Continuous torsion tests were performed at both room temperature

and elevated temperatures. Both the twist, e, and the twist rate, è, were

regulated using the TestStar program so that tbey corresponded to the

applied strain, &, and strain rate, t . The relationships between these values

are as follows [61-63]:

y=r8/L,

9=yL/r

&=y/.J3 ,

y=rÔ/L (3.1)

(3.2)

(3.3)

where y is the shear strain;

y is the shear strain rate;

r is the radius of the sample;

L is the gage length;

& is the von Mises equivalent strain;

cr is the von Mises equivalent stress;

't is the shear stress.

The Fields and Backofen [63] equation was used to determine the von

Mises equivalent stress (7:

JïT
(7:= ---r(3 + m + n)

2m
(3.4)

•

where T represents the developed torque, m is the macroscopic strain rate

sensitivity and n is the macroscopic strain hardening coefficient. For these

experiments, the m and n parameters were taken to be constant at values of

O. 17 and o. 13, respectively.
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The thermomechanical schedule of the samples deformed at or below

1000°C is shown in Figure 3.4. This schedule was used to simulate the

industrial conditions. The samples were heated to 10000 C at a rate of

3°C/s and held at that temperature for 10 minutes to achieve equilibrium

conditions. The samples were then cooled (if necessary) at a rate of lOC/s

to the temperature of deformatioD. The samples were then held for S

minutes, again to achieve equilibrium. At this point, the samples were

deformed and, except for room temperature deformation, quenched in a

water bath in order to retain the as hot deformed structure and texture.

The delay between the end of the test and the quench ranged from 2 to 4

seconds, resulting from the time required to remove the sample from the

furnace and apply the water quench.

WQ

•

Time

3.4 Test schedule for torsion samples.
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For the samples deformed above 1000oC, the same process was

followed except that the sample was heated directly to the deformation

temperaturc.

3.3 Texturc Sample Prcparation

Thc deformed torsion samples were prepared for texture

measurement as shown in Fig. 3.S. The specimen gaugc length was drilled

out in order to produce a hollow cylinder with a wall thickDcss of about

0.4 mm. The sample was thcn chemically polished in a solution of half

hydrofluoric acid and haIf hydrogen peroxide for about 2 minutes in order

to thin the wall of the cylinder. The outside surface was eovered with tape

so the inside surface would be preferentially attacked. The tube was eut on

one side along the axis and earefully opened and flattened. The additional

strain imposed by this operation was estimated at less than 0.06, which was

not expected to affect the fiDal texture. The samples were then polished

using standard metallographie techniques. First, rough polishing was

performed using silicon carbide paper with aD aseending grit number.

Next, the sample was fine polished using 6 IJ.m diamond paste and 0.5 Jlm

alumina powder suspension. Then etching was performed for

metallographie reasons. Finally, the samples were chemieally polished

again to remove some of the deformation of mechanieal polishing, as

eleetropolishing was not possible.
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Figures 3.5 (Ieft) Sample reference system in torsion

" 3.6 the pole figures are oriented with respect to the 9, z,

and r axes of the sample [39].

3.4 Metallographic Analysis

Metallographie analysis was performed before chemical polishing.

The samples were etched in a three to one mixture of hydrogen peroxide

and HF [64]. The samples were examiDed using a LECO image analysis

system and microscope. Several micrographs were taken during

examination to provide illustration of the representative microstructures.

In some cases, the average grain size was estimated using the standard

linear intercept techniques.

3. S Texture Measurement

The {II O}, {200}, and {211} incomplete pole figures were measured

on a Siemens D-SOO gODiometer system. The orientation of the (9,z,r)

reference frame used in this thesis is shown in Fig.3.6 (above). and is
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related to the sample axes. The method of texture measurement employed

in this work iDvolved generating negative shear in the torsion sample. The

apparent sense of this shear is reversed when the retlection method is

applied to the inner as opposed to the outer surface of the specimen:J or

when the goniometer moves clockwise as opposed to counterclockwise

while collecting data. Extreme care was taken to ensure these effects did

not affect the pole figures and ODFs.

The series expansion metbod introduced by Sunge [S8] and discussed

in detail by Van Houtte et al. [6S] for the case of monoclinic sample

symmetry was used in the present work. ODFs were calculated on the

basis of cubic crystal and monoclinic sample symmetry from the {IIO},

{200}, and {211} incomplete pole figures .
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ChapterIV

Experimental Results

4.1 Softening Kinetics

The softening kinetics were determined as described above. A series

of these tests were performed at 900°C and some tests at 10000 C using a

range of hold times for both materials. The resuIts from the softening tests

are compiled in Figs.4.1 and 4.2. The temperature? strain rate? and initial

strain are indicated in Figs. 4.1 and 4.2.

The titanium stabilized stainless steel showed very Iittle softening at

holding times below 100 s .. The amount of softening drastically increases

until a nearly fully restored flow stress is reached around 1000 s. In the

titanium-niobium stabilized stainless steel, softening did not occur to a

large extent at the lower holding times. Even at the longer holding times,

the total softening did not reach 50%.
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Figure 4.1 Softening curve of Ti IF 409.

Figure 4.2 Softenïng curve of Ti-Nb IF 409.
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4.2 Flow Curves

Both materials displayed similar flow curves when deformed at room

tcmperature at a strain rate of 0.1 s··, Fig. 4.3. The titanium stabilized

steel exhibited a slightly lower strength and fractured at a slightly lower

strain.

900
TiNb

Ti
~

~
600

~
••!

fi.}

E 300
f-

Ê =O.I/s

1.61.20.8

T.. StraiD

0.4

o -f-------+----+-------.-----!
o

Figure 4.3 Both steels deformed at room temperaturc.

The truc stress-true strain curves for the titanium stabilized stainless

steels deformed at elevated temperatures arc shown in Fig. 4.4. These

curves show a common pattern. First, nonc of the curves exhibit a dcfinite

maximum stress or 'peak'. Sccond, the steady state rcgion is rcached at

lower strains as the temperature of deformation ïacreases. The samplc

deformed at 700°C fractured at a strain of about 4, before the 'steady

state' was reached. However, duc to the small amount of work hardcning

in ferritic metals, this behavior is not reaUy indicative of the prcscnce of

• significant amounts of softcning. In contrast, the specimens deformed
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above 700°C did not fracture, even when deformed to large strains

approaching 14-1 S.
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Figure 4.4 Flow curves of Ti IF 409 at various temperatures.

As with the room temperature deformation, the titanium-niobium

stabilized steels behaved in a similar manner, Fig 4.5. At 700°C, the

specimen fractured at a strain of nearly 2. Above this temperature, a large

~steady state' region is observable. The specimens deformed at 800 and

900°C fractured before a strain of 14, while the specimens deformed above

these temperatures did not fracture at strains approaching 1S .

42



ChDpte, lYExperimental ResuJls

A,..700 C Ë = O.l/s- --,-

-

lIOe-
_~e --
- ,

• 250

-~ 200
:1- 150••! 100fI..2

! 50po.

o
o 5 10

lOooe
l200e

15

•

TraeStraiD

Figure 4.5 TiNb IF 409 deformed at various temperatures.

4.3 Microstructural Observations

The initial grain size of the titanium stabilized stamless steel was

estimated to be approximately 190 J.Lm, Fig 4.6a. The grains are irregularly

shaped and seem to be of a fairly uniform size. ACter room temperature

deformation, the microstructure changed considerably, Fig 4.6b. The

grains become quite elongated at angles of po with respect to the shear

direction, which is shown in the micrograph. The torsion axis, z, is

directed upward and lies in the plane of the micrograph. The angle JJ

decreases with increasing strain to about 20° at a strain of 1.4, as per the

formula tan 2p=2/y determined by Canova et al. [61]. This deformation

induced microstructure is also present as the temperature is increased, Fig.

4.6c. At the temperature at which dynamic recrystallization is reached, a

new structure emerges Fig 4.6d. The dynamic recrystallization

microstructure is ïmer (-50 J.1m) and more equiaxed.
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Figure 4.6 Microstructures of Ti IF 409.
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The titanium-niobium stabilized steel, again, behaved in a manner

similar to that of the titanium stabilized steel. The starting microstructure

had a slightly smaller grain size, approximately 155 J.lm, but was relatively

equiaxed, Fig.4.7a. The microstructure after room temperature

deformation was highly elongated at an angle of about 20°, Fig.4.7b.

Again, the room temperature deformation structure continues to appear in

the low temperature specimens «Tna), Fig.4.7c. Fig 4.7d illustrates the

structure found in the samples deformed above the recrystallization

temperature. As with the titanium stabilized steel, the grain size is Îmer

(-25 f.1m) than that of the lower temperature specimens and a more

equiaxed structure is evident. In addition, the degree of retinement due to

recrystallization is higher in the titanium-niobium stabilized steel.

4.4 Texture Measurements

The test matrix for texture measurement is shown in Table 4.1. The

von Mises equivalent strains Iisted in the tables were corrected for the

presence of the radial strain gradients. The correction is required because

the radius of the samples was reduced during preparation for texture

measurement, a procedure that was described in section 3.3. In addition,

the 'final' textures are from samples which were not deformed to fracture,

but to a slightly lower strain for obvious reasons.

To aid in analyzing the texture results, some important ideal

orientations are Iisted in Table 4.2. These orientations are specified in

terms of the shear plane (SP) and shear direction (SD) as weIl as the

relevant Euler angles (cp.,cD, CP2) in the Bunge notation.

45



•
Chopter W Experimental RendIs

•

Figure 4.7 Microstructures of TiNb IF 409.
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Table 4.1 Test Matrix

Steel Temp, oC E=-slow E=-shigh

RT 1.35

400 2.6

500 2.8

Ti IF 409 600 3.2

700 5.5

800 7.9 13.3

900 8.0 13.4

1000 7.9 13.4

1100 7.9 13.3

RT 1.3

700 5.6

Ti-Nb IF 800 12.0

409 900 13.4

1000 13.5

1100 13.4

1200 13.6

Table 4.2 Some important torsion ideal orientations

Orientation SP SD CP. ... CP2

F (110) [001] 180.0 45.0 0.0

Dl (112) (111] 125.3 45.0 0.0

D2 (T12) [111] 54.7 45.0 0.0

El (oIT) [Ill] 39.2 65.9 26.6

E2 (OTl) [III] 90.0 35.3 45.0

JI (OTI) [~II] 30.0 54.7 45.0

J2 (110) [112] 150.0 54.7 45.0
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The {IIO} pole figure for these ideal orientations is shown in Fig .

4.8. They form two types offibers: the {IIO}<uvw> results from rotation

of a {IIO} plane (shear plane) around the z axis, and the {hkl}<lll>

originates from a rotation of a <Ill> direction around the 9 axis. Some

important texture components not reported previous to the work of

Baczynski [39] are identified here as Il and 12.

e

DI A "Üte.lI>

D2 C (mteD.>

JI )( ..;.t4IJ>

11 F 12

F 0,11"••> El VI t'.i.e.lI>
E2 0 ..i. telll>

.12 + uÏtteuJ>

•

Figure 4.8 {IIO} pole figure displaying the ideal orientations observed

during the present torsion tests.

The results of the ODF analyses are listed in Tables 4.3 and 4.4 and Figs.

4.9-4.28. For ease of analysis, the fi, 12, and f3 torsion fibers and the

ideal orientations of Table 4.2 are identified. Ali tests were performed at a

strain rate of t = O.l/s .
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For the ODFs, the tmee dimensional space is represented by a series

of 'slices'. On each, the CP. angle runs across the x-axis of the ODF Crom 0

to 1800 (Ieft to right). The et angle runs Along each section of the ODF

Crom 0 to 90° (top to bottom). The CP2 angle is represented by the

sectioning of the ODF every 15 0 from 0 ta 90°. The .2=00 is the top

section, while the second is the .2=15 0 and the bottom section is (1)2=90.

In other words, the horizontal axis in Any section is the CP., the vertical axis

in any section is the 4D, and the vertical (out of the page) axis is

represented by the CP2 sections.

Table 4.3 Experimental ODF intensities for some important orientations in

the Ti stabilized IF 409

Temp RT 400 500 600 700 800

Strain 1.35 2.6 2.8 3.2 5.5 7.9 13.3

J 2.2 5.3 5.7 3.1 4.2 4.6 4.3

F 5.6 2.6 3.0 3.9 5.8 4.6 1.7

Dl 3.5 3.0 4.9 6.2 6.9 4.9 3.0

D2 0.0 2.0 1.8 3.4 3.0 3.2 20.1

EI/E2 3.4 3.4 2.9 3.1 9.5 3.6 4.7

Temp 900 1000 1100

Strain 8.0 13.4 7.9 13.4 7.9 13.3

J 4.4 1.8 3.3 1.2 0.9 0.9

F 2.7 2.7 1.1 0.4 1.7 2.0

Dl 5.0 5.7 1.9 9.6 8.2 7.8

D2 5.4 16.2 8.0 44.8 54.0 71.1

EI/E2 3.6 1.4 1.6 1.4 0.8 1.4
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Table 4.4 Experimental ODF intensities for some important orientations in

the Ti-Nb stabilized IF 409

Temp RT 700 800 900 1000 1100 1200

Strain 1.3 S.6 12.0 13.4 13.S 13.4 13.6

J 3.6 4.7 2.0 1.1 2.4 0.1 LI

F 3.1 2.7 1.35 o.s 3.9 0.1 0.1

Dl 7.0 3.7 S.1 6.7 2.9 6.4 16.0

D2 3.9 4.8 7.0 9.9 11.0 27.8 38.7

EI/E2 4.8 3.S 4.8 4.8 1.4 0.7 0.6

The room temperature deformation textures are shown in Figs. 4.9

and 4.10. Examination of the ODFs shows that the prefcrred orientations

lie upon the fi, f2, and f3 libers. In addition, the orientations are slightly

shiftcd in the increasing PHIl (<<p.) direction from their symmetrical

positions. In the titanium stabilized steel, the texture consists of the

components F {IIO}<OOI>, E {OOI} <III>, J {II0}<211>, and D

{112} < 111>, listed in order of decreasing importance, although the values

are not very different. For the titanium-niobium stabilized steel, the results

were similar. The Îmal texture consists of the components D, E, J, and F,

again listed in order of decreasing importance. The magnitude of the DI

component was a bit surprising in comparison to that of the other

components .
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Figure 4.9 Ti IF 409 deformed at RT.

SI



•

•

ChDpter IY Experimental Results

f3

MAX: 7.8

LEVELS:

2.0 4.C

7.0

(}

Figure 4.10 TiNb IF 409 deformed at RT.
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The textures for the titanium stabilized steel deformed between 400

and 700°C are shown in Figs.4.11-4.14. It should be noted that the

orientations along 4»==90° in the CP2=4So section are the symmetrical

equivalents of those located along .=45° in the .2==0° section. The fibers

and maximum intensities are similar to those of the room temperature

texture. The textures of the specimens deformed at 600 and 700°C begin

to show a change in the importance of the various intcnsities. This will be

discussed later. In any case, the textures do sbow a common pattern and a

few differences. The J and F components are important in ail these samples

as weil as in the room temperature texture. J and F result from room

temperature dislocation glide. As the temperature increases, the D I/D2

and E l/E2 components become more important as weil. One important

aspect is the marked increase of the E l/E2 component at 700°C, suggesting

that this texture is in transition to a bigher temperature one.
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Figure 4.11 Ti IF 409 deformed at 400 C.
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f3
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Figure 4.12 Ti IF 409 deformed al SOOC.
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Figure 4.13 Ti IF deformed at 600 C.
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Figure 4.14 Ti IF 409 deformed al 700 C.
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The textures of the titanium stabilized specimens deformed at SOO°C

and above show a markedly different form, Figs. 4.15-4.22. The intensities

of the more highly deformed samples are several limes greater than those

of the room temperature texture. At the lower strain levels in the 800

1000°C specimen, textures there is Uttle or no evidence of the occurrence

of dynamic recrystallization. The J and F components in these textures

remain important with respect ta the other components. In addition, the

maximum intensities remain relatively low. .ln the samples strained to

higher levels at these temperatures, a new texture is seen. The maximum

intensities are much higher than in the previous textures and the weights of

the components have shifted dramatically. This higher temperature texture

is interpreted here to be a dynamic recrystallization texture. In these

samples, the D2 (ÏÏ2)[111] component becomes by far the most important.

The F and J components become quite insignificant in comparison to the

Dl component as weil, while the E I/E2 component remains constant in

intensity.
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Figure 4.15 Ti IF 409 deformed at 800 C to low strain level.
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MAX: 21.5
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Figure 4.16 Ti IF 409 deformed al 800 C to high strain level.
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f3

MAX: 5.9

LEVELS:
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Figure 4. t 7 Ti IF 409 deformed al 900 C to low strain level.
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Figure 4.18 Ti IF 409 deformed at 900 C to high strain level.
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Figure 4.19 Ti IF 409 deforllled al 1000 C to 10w suain \evel.
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Figure 4.20 Ti IF 409 deformed at 1000 C to high strain level.
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Figure 4.21 Ti IF 409 deformed at 1100 C to low strain leveI.
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Figure 4.22 Ti IF 409 deformed al 1100 C to high strain level.
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The titanium-niobium textures follow the same general pattern. In

the textures of the specimens deformed at 700 and aoo°c, the F and J

components are quite important as with the room temperature sample, Figs.

4.23-4.24. The intensities remain low for both textures. As expected, the

D IID2 component increases while the J and F decrease as the temperature

increases. However, the beginning of the transition can be noted in the

SOO°C texture.

The textures of the specimens deformed al 900°C and above show

the occurrence of dynamic recrystallization, Figs. 4.25-4.28. As with the

titanium stabilized steel, the D2 texture increases to become the primary

component of the texture. Also, the J and F room temperature dislocation

glide components decrease to the point of insignificance with respect to the

D I/D2 components. Finally, the intensities of the textures tend to increase

signifieanlly as the temperature of deformation increases.
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Figure 4.23 TiNb IF 409 deformed al 700 C.
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Figure 4.24 TiNb IF 409 deformed at 800 C.
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Figure 4.25 TiNb IF 409 deformed al 900 C.
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Figure 4.26 TiNb IF 409 deformed at 1000 C.
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Figure 4.27 TiNb IF 409 deformed al 1100 C.
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Figure 4.28 TiNb IF 409 deformed at 1200 C.
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ChapterV

Discussion

5.1 General

The purpose of this work was to determine whether dynamic

reerystallization could occur in ferritic IF stainless steel. Typieally~ this

could be concluded from an examination of the flow eurves of the deformed

specimens. However, the flow curves of hot deformed BCC materials are

not eyelic~ and thus are not clearly indicative of dynamic recrystallization.

Therefore~ x-ray diffraction and texture measurement were used to analyze

the softening behaviors of the two stainless steel grades. In addition~

microstructural analysis. was. employed to supplement the texturai work.

The bebavior of the steels at room temperature is important to note as none

of the dynamie softening mechanisms is occurring. The flow curve~

microstructural~ and texture bebaviors at room temperature display only

deformation (i.e. glide) behavior. When the steels are deformed at higb

temperatures, the change in behavior obviously indicates the occurrence of

one or more additional softening mechanisms. By analyzing the differences

in behavior and comparing the changes to pre-existing models, the type of

softening can be determined.
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5.2 Room Temperature Behavior

The flow curves of both steels deformed at room temperature

(Fig.4.3) follow the pattern of those in the Iiterature. The titanium

stabilized steel yielded at around 425 MPa and reached a peak stress of

over 700 MPa. The titanium-niobium stabilized steel, on the other band,

yielded around 540 MPa and had a tensile strength of over 800 MPa. The

eurves displayed a very simple behavior. An interesting item is the small

amount of work hardening that is characteristic: of ferritic: metals. The

microstructures also provide insight into the behaviors of these steels. The

starting microstructure of both steels consisted of a relatively equiaxed

structure with a fairly large grain size (Figs.4.6a and 4.7a). ACter

deformation, both display a highly elongated structure charac:teristic of

cold work (Figs.4.6b and 4.7h).

5.3 Elevated Temperature Mechanical Behavior

Typically, the first approach to detecting the occurrence of dynamic

recrystallization is by examination of the flow curves. If the flow curve is

periodie, as displayed by most Fee materials that can be taken as

indicative of dynamie recrystallization. If the maximum stress is followed

by substantial flow softening, and then by a steady state region at a lower

stress Ievel as occurs at lower temperatures or higher strain rates in Fee

metals, dynamie recrystallization is again believed to occur. In the present

case, sHght peaks were reached, but these were only sIightly higher than

the steady state region (Figs.4.4-4.5). In the absence of substantial flow

softening, the flow curves did not provide clear evidence of dynamic

reerystallization ac:cording to the criteria normaHy employed for Fee

metals. However, as already pointed out above, there is not much work

• hardening in BeC metals, by comparison with Fee metals. Thus, the
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former cannot be expected to display the same proportions of flow

softening as the latter during the approach to the steady state. This is why

the same criteria with regard to flow curve shape cannot be applied to the

two classes of metals.

Nevertheless, there is a noticeable shift in flow curve shape from

room temperature to elevated temperature. The room and lower elevated

temperature curves show no tendency to decrease in flow stress once the

peak is reached. Hy contrast, the highest temperature curves display a

steady decrease in stress beyond the peak. Although this behavior could

result from a testing artifact, the view is taken here that the shape change

indicates that something is happening at high temperatures that is not

happening at the lower temperatures. This interpretation is supported

below in the discussion of the microstructural and texture observations

5.4 Microstructural Analysis at Elevated Temperatures

Another method commonly used to determine if dynamic

recrystallization is occurring is microstructuraI analysis. Dynamic

recrystallization involves the nucleation and growth of new, strain-free

grains in the deformed matrix. These new grains are by definition smaller

than the current grain size. Also, as a material is deformed, the grains

rotate and elongate ta facilitate the dimensional changes. These two

effects allow for the recognition of dynamic recrystallization under certain

conditions. In this case, both steels behave in a similar manner, Figs.4.6

4.7c&d. The titanium stabilized steel deformed at 600°C displays a highly

elongated grain shape, resembling that of the room temperature specimen.

For the titanium-niobium stabilized steel, the behavior at 700°C also

resembles the behavior of the steel at room temperature.
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By contrasts, when deformed at the highest temperatures, both steels

showed a quite different microstructure. The titanium stabilized steel had

a relatively equiaxed structure with a flner grain size. The same thing is

noticed in the titanium-niobium stabilized steel. These microstructures

indicate that some form of new microstructural process is playing a role.

Wben combined with the texture results discussed below, the two sets of

observations provide a good indication that a type of dynamic

recrystallization is occurring in these steel grades.

5.5 Torsion Textures at Elevated Temperatures

As mentioned above, two types of behavior were detected in the

present investigation: the "room temperature' family of results and the

'dynamic relZrystallization' family. The "room temperature' family was also

displayed at elevated temperatures up to the dynamic recrystallization

temperature. The "dynamic recrystallization' family was found over the

temperature range within which dynamic recrystallization was observed.

Over the entire experimental range, the texture components increase or

decrease in intensïty. Since the texture observed at room temperature is

obviously produced by dislocation glide followed by crystal rotation, if the

textures al higher temperatures resemble the room temperature texture, it

is apparent that the high temperature texture is likely to have been

produced by the same mechanism and not by dynamic recrystallization. On

the other band, if the texture at some elevated temperature differs from

that of the room temperature specimen, it can be suspected that some other

mechanism is operating. This new mechanism can be detected by modeling

the texture results; evidence can also be gathered from supporting

experimental techniques, such as mechanical testing, microstructural

characterization, and electron microscopy. One important step in

• determining the occurrence and extent of dynamic recrystallization is to
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follow the chaDges in intensity of the critical texture components defined

abo ve as the temperature and straiD levels are varied.

In the titanium stabilized steel, the componeDt iDtensities evolve as

the temperature is increased, Fig.S.l. ID the room temperature texture, the

J and F compoDeDts, produced by glide, are the strongest. As the

temperature of deformatioD increases through 400°C to SOO°C, the J and F

components remain important with respect to the other orientations. The

other components: Dl, D2, and E I/E2, ail remain Dearly constant at a

relatively low intensity. At 600°C, the components begin to shift in

importance. The Dl becomes the most inteDse orientation. In additioD,

the F and J components decrease iD importance relative to the others. As

the temperature inereases to 700°C, the DI, D2, aDd E l/E2 componeDts

inerease intensity with regards to the 'room temperature' components J and

F. This temperature represeDts the highest point at which the room

temperature deformatioD texture domiDates, although some dynamie

recrystallization has beguD to take place to a small extent.

At sooac, the texture is markedly different. The D2 component

intensity increases from 3.0 to 20.1. 80th the DI and the EI/E2 remain

important and the J and F components are now much less important. This

texture is dominated by the mechanism responsible for dynamic

recrystallization for the first time. In the range from 900 to IIOaae, the

dynamie reerystallization texture beeomes still more pronouneed. The D2

component geDerally increases in intensity until it completely dominates ail

the others. The Dl component also remains signifieant, although it is mueh

weaker than the D2. The remaining components become negligible.
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Figure S.l Ti Stabilized IF 409: effect of temperature on eritieal

component intensity.

The behavior of the titanium-niobium stabilized steel is mueh the

same as that of the titanium stabilized steel, Fig 5.2. The J and F glide

components deerease in importance as the temperature increases. E l/E2

increases to 900°C, at which point it begins to decrease to an insignificant

leveI. The Dl level generaUy increases and remains al a relatively high

intensity, even at 1200°C. Most importantly, the D2 component inereases

slowly to around 1000°C, after wbicb it increases at a rapid rate. As witb

the titanium stabilized steel, 700°C is the higbest temperature at which the

pure room temperature texture is displayed. However, the new, dynamie
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recrystallization texture is not clearly apparent until 1000°C, although

some reerystallization is certainly occurring at slightly lower temperatures.

One interesting point is that, even at the higher temperatures, dyoamie

recrystallizatioo is not occurring to the same extcnt in the titanium-niobium

stabilized steel as in the titanium stabilized steel. The rate of increase in

intensity of the D2 component with tcmperature, Fig. 5.2, is also lower

than in the case of the titanium stabilizcd stecl, Fig. S.1.
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Figure S.2 TiNb Stabilized IF 409: effect of temperature on critical

componcnt intensity.
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5.6 Importance of the D2 Component

The progress of dynamie recrystallization in the present materials

was measured primarily in terms of the intensity of the D2 eomponent in

this work. Baczynski [39] developed a model to predict dynamie

recrystallization textures in ferritie metals. In this model and in his

experimental lesults, Baezynski found the D2 component to be predominant

when dynamie reerystallization oceurred. He was able to show using glide

simulations that reeovery was not responsible for the inereasing intensity of

the D2 component. Instead, he concluded that the D2 eomponent intensity

was enhanced by grain boundary migrSltion, specifically by the occurrence

of dynamie recrystallization. Baczynski states that the increase in the

strength of this component results from the low stored energy nueleation of

low Taylor factor nueleL These nuclei grow uniformly, not seleetively,

whieh provides the huge iDcreases in the strength of the D2 component at

higher temperatures.

Other work supports the Baczynski model of occurrence regarding

the oriented nucleation during continuous dynamie recrystallization in

ferritic metals. Dillamore et QI. [66] found the same type of bebavior

during the conventional statie reerystallization of a-iron and two

commercial law-carbon steels. In addition, reeent work by Kestens and

Jonas [67] regarding static recrystallization in electrical steels showed that

OTiented nucleation played a critieal role in forming the annealing texture,

while selective growth played only a minor role.

In this work, the D2 components display a behavior qualitatively

similar to that described by Baczynski [39], Fig.5.3. AlI of the results

• share a similar pattern, although the D2 intensities at a given temperature
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depend on the composition of the steel. The D2 eomponent remains at a

relatively low and constant level uotil dynamic recrystallization oecurs.

When dyoamic reerystallization is initiated, the D2 intensity inereases

drastically. In the interstitial-free ferritie steels examioed in Baezynski's

work, both titanium and titanium-niobium stabilized, the temperature at

which dynamie reerystallization begins to operate is coosiderably lower, a

difference that will be discussed below. The interstitial-free ferritic

stainless steels that are the subject of the euneot work have D2 intensities

which, once dynamie recrystallizatioD oecurs, do not inerease to the same

degree. In geoeral, however, the similarities are obvious when the

behaviors of the two sets of steels are eompared.
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Figure 5.3 Effeet of temperature on D2 components of various IF steel

grades.
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5.7 Continuous Dyoamic Recrystallization

Continuous dynamic recrystallization is associated with the tlow

curves and microstructures found in the current work and is typical of

ferritic metals. The discontinuous dynamic recrystallization observed in

austenitic steels is quite different. DiscoDtinuous recrystallizatioD is

typically found in low and medium stacking fault energy Fee metals, see

Section 2.5.7 above. The present flow curves displayed a slight maximum

followed by a steady state region. No oscillations or multiple peaks,

associated with discontinuous dynamic recrystallization, were observed

under aDY conditions. The microstructural results also support this

conclusion. Discontinuous recrystallization typically nucleates along grain

boundaries, producing a characteristic by 'necklace' structure, see Section

2.5.2.2.1. This structure consists of a series of small, nuclei surrounding a

larger, older, and deformed grain. The recrystallized structures in this

work, Section 4.3, are characterized by a very tight distribution of grain

sizes rather than by the large/small distribution expected if 'necklacing'

had occurred.

These results are also supported by the lit.erature. The work by

Dillamore et al. [66] mentioned above concluded with the observation that

'the most likely nucleation process is that of subgrain growth, no grain

boundary nucleation events having been observed'. In addition,

Montheillet [68] noticed similar trends in his experiments on the high

temperature, high strain deformation of aluminum. Montheillet used

additional experimental techniques such as EBSP, SEM, and TEM to prove

that equiaxed subgrains were formed at low strains (E<I for torsion) and

that the misorientations within particular grains remained small (Iess than

15°). This behavior led to the appearance of 'clouds' of orientation points

• located around the orientations of the original grains on a pole figure.
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These clouds disappeared at large strains, beeause the low angle grain

boundaries assoeiated with the subgrains were transformed into high angle

grain boundaries during eontinuous dynamie reerystallization in aluminum

[68].

The meehanisms involved in the transition from the low strain to the

high strain behavior are still unJcnown, but two models have been proposed.

The first model, suggested by Perdrix et al. [69], proposed that mobile

dislocations are being absorbed eontinuously by the subgrain boundaries at

low strains, leading to higher and higher misorientations. The second

model, proposed by MeQueen el al. [70], is known as 'geometrie dynamie

reerystallization', and is partieularly applicable to very large strams.

5.8 Static Recrystallization Kineties

The present work eoncerns the occurrence of dynamie

recrystallization in BCC metals. Obviously, it is important to prevent the

start of statie or post-dynamie reerystallization. The softening curves,

Figs. 4.1-4.2, show that post-dynamie recrystallization is initiated at

around 50 and 110 seconds for the titanium and titanium-niobium stabilized

steels, respectively. As mentioned above, the quench times are

considerably shorter, from 2 to 4 seconds.

5.9 Effeet of Chemical Composition

In both the present work and that of Baezynski [39], the effeet of the

type of stabilization was evident. The dual stabilized steel, containing

titanium and niobium, underwent post-dynamic and dynamie

recrystallization at higher temperatures than the titanium stabilized steel.

• The superior recrystallization retarding effect of niobium is seen in Many
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different systems as weil [71]. In the present work, the softening eurves

and texture resuIts elearly show the effeet of the presence of niobium.

Titanium only retards reerystallization as a precipitate. As the titanium

preeipitates are eoarser than the niobium precipitates, the pinning effects

of titanium are reduced. Niobium ean retard recrystallization whether in

solution or as a preeipitate.

In addition to preventing the onset of dynamie recrystallization at

lower temperatures, the textures formed by dynamic recrystallization in the

dual stabilized steel are not as intense as those formed in the titanium

stabilized steel, Fig. 5.3. The maximum intensity in the titanium stabilized

steel deformed at IIOOoC was 72.9. At 1200°C, the maximum intensity in

the dual stabilized steel was 39.7. At a higher temperature, the niobium

still produeed a weaker texture. The same behavior oeeurred in the steels

studied by Baezynski. The reerystallization temperature was higher in the

dual stabilized steel. Also, the texture produced in the dual stabilized steel

was not as strong as that formed in the titanium stabilized steel.

Obviously, these resuIts are related to the presence of niobium as a

stabilizing element. Large amounts of work have been earried out on the

effeets of niobium as a stabilizing clement [72]. It is apparent that the

presence of niobium retarded the initiation of dynamie reerystallization at

the lower temperatures and slowed the progress of dynamie

recrystallization at the higher temperatures.
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Conclusions

In the current work, the torsion textures produced by deformation

and by continuous dynamic recrystallization were generated and analyzed in

two interstitial·free 409 stainless steels. These steels were deformed over

the temperatures range, 20 to 1200°C. Supplementary tests were run to

ensure that dynamic softening was the only softening occurring, Le. that

static softening did not play an important role. The two types of textures

generated were compared and analyzed. The main conclusions of this work

are as follows:

1. The flow curves of the two steels were similar at room temperature.

The work hardening rate at a given strain decreases with temperature,

eventually leading to saturation and a steady state region. At higher

temperatures, a slight maximum is noticed; in addition, the flow stress

decreases slightly with increasing strain.

2. The room temperature textures of the two steels consist of the three

characteristic fibers: fI, 12, f3. The texture consists of the important

individuaI components F {lIO}<OOI>, J {110}<211>, E {001}<111>, and

• D {112}<111>.
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3. The texture in the titanium stabilized steel at 800°C differs markedly

from those observed at lower temperatures. The D2 eomponent is very

intense, with the Dl and EI/E2 components also important. This is

attributable to continuous dynamic reerystallization. The J and F glide

components are also still present. The same transition is noticed in the

dual stabilized grade at IOOO°C, althoulh the rate of recrystallization is

somewhat slower.

4. The dyoamie recrystallization textures of the steels consist of the D2

(112)[111], DI (112)[111], and E2 (011)[111] individual components. The D2

component becomes increasingly important as the strain is increased, which

leads to the relative weakening of the Dl and the disappearance of the E2

component at very large strains.

5. The dynamic recrystallization textures 0 bserved in the two steels can be

accounted for by the operation of the low stored energy nucleation

mechanism. The growth of the nuelei was uniform, as opposed to

selective. This supports the theory of oriented nucleation in the present

case.

6. Continuous (in situ) dyoamie recrystallization was occurring in the

present steels. A single sHght maximum was observed in the flow curves

when dynamic recrystallization was taking place. This observation was

supported by the mierostructural work, which showed that a narrow

distribution of grain sizes was present as opposed to the more varied size

distribution cxpected with discontinuous dynamie recrystallization.

7. Niobium retards the developmeot of dynamie recrystallization textures.

Less softening and less dynamie reerystallization occur under given
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conditions in the titanium-niobium stabilized steel than in the titanium

grade. In addition~ the strength level at room temperature is higher in the

niobium steel.
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