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Abstract 
The effects of austenite grain size, level of undercooling, and main and strain rate 

in compression on the austenite-to-ferrite transformation in a 0.1% C, 1.4% Mn steel were 

investigated. The iduence of this transformation on the hot ductility of the steel in 

question was then examined. Samples were strained at rates from 3 x 1 0 ~  3' to 3x10.~ C' 

after cooling to holding temperatures between the AQ and the (undeformed) Ar, 

temperature. 

Deformation was found to raise the effective Ar3 temperature almost to the AQ, 

and to significantly accelerate the transformation in both fine (- 25 pm) and warse (- 200 

pm) grained samples. At relatively small levels of undercoolmg (- 40°C), it was found 

that defonnation induced ferrite wuld not form outside the regions of the material that 

were signif~cantly aEected by the applied stiain. At low strain rates and in warse grained 

material. this munt that ferrite formed in narrow bands near the grain boundaries. No 

such restriction was found in fine grained material. 

In tension, it was found that, if thin bands of grain boundary ferrite were present in 

the microstructure, failure always occurred in this second phase. The effect of 

intergranular ferrite on the ductility was found to Vary with the amount present; the lowest 

%RA value was obtained with around 10% ferrite present in the microstructure. The 

detrimental effect of ferrite lessened slightly as the strain rate was raised. 

It is wncluded that, fiom an industrial perspective, unless unbending can be 

performed at strain rates in excess of 3x10" S-', it would be prudent to carry out this 

operation either above the A q  or below the (undefonned) Ar3 temperature for the steel in 

question. 



Résumé 
Les effets de la taille de grain austénitique, de la chute en tempéraNre en dessous 

de A@, de la déformation et de la vitesse de déformation sur la transformation de 

I'austénite en ferrite ont été étudiés pour un acier contenant 0.1% C et 1.4% Mn. 

L'influence de cette transformation sur la ductilité à chaud de cet acier a également été mis 

en évidence. Les échantillons utilisés furent déformés à des vitesses allant de 3 x 1 0 ~  C' à 

3x10" S-', après refroidissement jusqu'à des températures situées entre Aq et A r 3  (sans 

déformation). 

ïi s'est avéré que la déformation appliquée a entrainé une élévation de la 

température d'arrêt Ar3, et ce quasiment jusqu'à la température d'équilibre Aq, ainsi 

qu'une accélération de la transformation, à la fois dans les échantillons possédant une 

petite taille de grain (- 25 pm) et dans ceux possédant une taille de grain plus importante 

(- 200 pm). Pour de faibles chutes de température sous Ae3 (- 40°C), la phase ferritique 

résultant de la transformation induite par la déformation appliquée ne pouvait pas se 

former à l'extérieur des zones qui furent déformées de maniére significative. Ainsi, pour 

des vitesses de déformation faibles et pour des échantillons composés de gros grains, la 

ferrite ne s'est formée que dans des bandes proches des joints de grains. Un phénomène 

semblable ne fut pas observé dans les échantillons composés de petits grains. 

De plus, pour les échantillons comportant de telles bandes, la rupture lors de tests 

de traction a, à chaque fois, été observée à l'intérieur de celles-ci. Par ailleurs, il est apparu 

que la quantité de ferrite présente entre les grains affecte 18 ductilité: la plus petite valeur 

de %RA (reduction aréolaire en pourcents) a été observée pour une quantité de ferrite de 

IO%, l'effet négatif de cette ferrite diminuant avec l'augmentation de la vitesse de 

déformation. 

En conclusion, d'un point de vue industriel, à moins que le redressement ne soit fait 

à une vitesse de deformation excédant 3xl~'s'', il serait plus prudent d'effectuer cette 

opération à une température supérieure à Ae, ou inférieure à A r 3  (sans déformation) pour 

l'acier en question. 
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Chapter 1 

Introduction 

Over the past three decades, wntinuous casting has become the premier casting 

route used in making semi-finished steel products, replacing the traditional ingot method. 

In order to build on the gains in efficiency that wntinuous casting can offer, much work is 

currently being done to remove certain key parts of the process as it stands, and to reduce 

the thickness of the strand that it produces. Ume- reheating stages may therefore 

be avoided, and the number of rolling operations required to finish the product may be 

reduced. The resulting processes (hot charging, direct rolling, thin slab casting and stnp 

casting) offer very signifiant gains over conventional continuous casting in a number of 

important areas, and are therefore very attractive to steel producers. However, the 

elimination of parts of the continuous casting process poses a serious problem when many 

grades of steel are being cast because it means that one must ideally be able to guarantee 

the quality of the strand produced by the caster. At present this is not possible, 

particularly in microalloyed grades, because these and other classes of steel are prone to 

forming cracks on the surface of the as-cast strand. 

The cracks that we are concemed with here form on the top surface and edges of 

the as-cast product, transverse to the casting diuection, and appear as the strand, which is 
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cast in a curved mould, is straightened. This straightening operation takes place when the 

surnice of the steel is in the vicinity of the austenite-plus-femte two-phase region and 

therefore the formation of transverse cracks is, in many cases, strongly linked to the 

austeniteto-ferrite phase transformation. 

Deformation, as is applied during the straightening operation, is known to have a 

significant effect on difisional transformations; but the effect of strain, strain rate, test 

temperature and prior austenite grain size on the austenite-to-femte phase transformation, 

and the resulting effect on the ductility of the steel in question, has not yet been fully 

determined. This is the basis of the present investigation. The general objective of this 

project is to use previous and some of the present work to examine the effect of the 

aforementioned parameters (determined in compression) on the austenite-to-femte phase 

transformation. These fkdings will then be related to the tende hot ductiiity of the same 

steel under similar conditionç-the hot ductility of a steel being taken as the mesure of its 

susceptibiiity to transverse cracking. 

In Chapter 2, a review of relevant literature is presented; this review is split into 

four major sections. In the first section, the continuous casting process is introduced and 

possible improvements to this casting route are presented. This is followed by a bnef 

review of potential quality problems in this process and the various measures that are 

currently taken to combat them. In the second section, the hot ductiiity of steel in the 

pertinent temperature range is described; various methods of determining this property are 

presented, and factors that affect its value are discussed. The third section contains a 

description of the austenite-to-ferrite transformation under static conditions and the effect 

that various parameters cm have on this phenomenon. Finally, the closing section of 

Chapter 2 is devoted to a discussion of the deformation of steel in the intercritical region, 

and the effect of such deformation, as suggested by other authors, on the austenite-to- 

femte phase transformation. 

In Chapter 3, the experimental methods, materials and apparatus used in this work 

are described. Schernatic diagrams of the compression and tende tooling arrangements 

are given, the principles behind the testing control programs are explained, and the thermal 



Chapter 1 Introduction 3 

cycles employed in this work are plotted. Optical and scanning electron microscopy were 

used to examine specimens after testing, and the procedures used therein are also 

described in this chapter. 

The experimental results are described in Chapters 4 and 5. Chapter 4 contains 

static and compressive test data, including flow curves and micrographs, that attempt to 

document the effèct of wmpressive deformation on the austenite-to-femte phase 

transformation. Chapter 5 presents the tensile results: flow curves, optical and scanning 

electron micrographs, and quantitative metallography data are displayed dong alongside 

tensile hot ductility results. 

The above results are discussed in Chapter 6, beginning with the apparent effect of 

strain, strain rate, test temperature and prior austenite grain size on the austenite-to-femte 

phase transformation, as detennined in previous closely related work. The impact this 

effect might have on the industrial problern of transverse cracking during continuous 

casting is then discussed in the final section of this chapter. 

Finally, the conclusions reached in the discussion are presented in concise form in 

Chapter 7. 



Chapter 2 

Literature Revie w 

2.1 Industrial Perspective-Continuous Casting 

2.1.1 Origins of the Continuous Casting Process 

"Among the numerous inventions that are fiom time to time brought under 

public notice, a certain proportion are fiom some cause or other allowed to faü out 

of sight and be forgotten ... Some inventions, wbich appear weU worthy of a trial, 

are never put to a practical test through having appeared at a time when the state of 

the particular manufacture to which they apply was not so far advanced as to 

render the proposal feasible with the then existing state of knowledge.. ." 

Sir Henry Bessemer, FRS, 1891.' 

For the majonty of the past 200 years, the la rge-de  conversion of liquid steel 

into usable solid form has been achieved by the use of a batch process known as ingot 

casting. In this process, which is shown schematicaily in Fig. 2.1, molten steel is fkst cast 

into ingot moulds, which are allowed to solidi. The ingots are then removed fiom the 

moulds and reheated in a soaking furnace to around 1,300°C, in order to prepare them for 

rolling in either the blooming or slabbig mill, where the aspect ratio of the final product is 

4 
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Contiluouo c a l a  - 
Contiluouo castmg 

Fig. 2.1 Componsun ofthe ingot and conlinvous castingpmcess mutes. 

decided. The resulting semi-finished products are cooled, scarfed (Le. part of their surface 

is removed by grindimg), and inspcted. Fiaily the blooms or slabs are reheated for hot 

rollmg. 

As early as 1840, the idea of solidifying steel by some more continuous method 

than ingot casting had come to light. Sellars (1840), followed by Laing (1843) and 

Bessemer (1846) conducted experirnents based on this idea. However, technical problems 

associated with the high temperature and low thermal conductivity of molten steel led to 

the failure of these efforts, although some techniques were successfully applied to the 

casting of non-ferrous metals with low melting points. 

In 1889, after some years of apparent inactivity in the development of continuous 

casting technology for steel production, Daelen obtained a patent2 in which he described a 

process that incorporated many of the essential features of modem continuous casting 

machines. In that process, a continuous Stream of molten steel was to be poured into a 

mould that was open at both ends; upon leaving the bonom of the mould, the solidified 

strand would be passed to a secondary cooling system and be withdrawn by pinch rollers. 

However, it was evident that probiems stiU existed, particularly in the region of the mould, 

where the newly solidified strand would stick to the walls, halting the process and resulting 

in a potentially very dangerous situation. This problem was not solved until 1938, when 

~unghans~ obtained a patent for a mould oscillation system wherein the mould was made to 

reciprocate in a vertical plane, giving it almost continuous motion relative to the strand and 

therefore preventing &king. 



It was not until &w the Second World War that pilot-scale plants usiig lhis 

technology began to emerge, and not until the early 1960s that the popularity of the 

process began to grow significantiy. With its major problems solved, continuous casting 

was a very attractive casting route because it offered significant gains both in efficiency, 

and in as-cast product quality. 

The use of continuous casting saves money in a number of ways. Fi t ly,  it reduces 

energy consumption through removing as many as four of the five operations that are 

needed in ingot casting (Fig. 2.1). Perhaps more importantly, continuous casting avoids 

the need for at least one of the reheating processes; this decrease in energy usage has the 

added benefit of lessenhg pollution. Reducing the number of processes also moderates 

manpower requirements, and the automatic nature of many of the processes that are left 

takes this even further. Higher product quality results in improved yield, which both 

increases productivity and gives a firther energy saving because less material must be 

scrapped and subsequently recycleci. The speed of the continuous casting process means 

that less stock must be held, and delivery times c m  be shortened. As a summary of the 

above, the major advantages of this process over the ingot process, and the reasons for 

these advantages, are listed below: 

1. Reduced energy commplion-at Ieast one heating process removed; 

2. ImprovedyieWess scarfing required due to improved surface quality; 

3. Lower munpower requiremenl-more automatic handling and fewer steps; 

4. Reduced cupital cos& for new plmfs-Iess equipment, lest inventoly, 

therefore less space required. 

These benefits have made the continuous casting process by far the most important 

casting route in modem steelmaking. Fig. 2.2 shows how its use has increased over the 

past 30 years: in 1991, 83% of the Westem World's c ~ d e  steel production was cast 

continuously; in the EEC, the figure was 90%: 
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2.1.2 The Modern Continuous Casüng 
lm, 

Ploce~s 5 M- 
""" 

,, 
In the modem continuou casting process (Fig. 

2.3), molten steel is introdud to the mould via a 

tundish which acts to distniute molten steel into s 

either one strand, or over a number of strands that are 
1960 1970 lm ISW 

being simultaneously cast. It also acts as a reservoir Year 

during ladle changing. The tundish helps to remove ~ i g .  2.2 proportion O/ vude steel 

inclusions h m  the steel by the action of various weirs @ced by mntinuous 

and dams that stop these impuritiu fiom passing into carring.' 

the mould. 

Having entered the mould, which it does through a refractory 'submerged entty' 

n o d e  so as to avoid reoxidation, the steel begins to solidi& starting at the mould wall. 

The mould is the primary cooling zone and is generally made of a copper alloy and cooled 

by large quantities ofwater. As was mentioned in the previous section, the mould is made 

to oscillate relative to the strand in a vertical plane in order to prevent sticking. The 

reciprocation of the mould is ofien sinusoidal and always incorporates what is known as 

'negative stnp', i.e. the velocity of the mould exceeds that of the strand on the downward 

Fig. 2.3 SchemaIic diagram of a modem slab carting machine6 
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stroke. Negative strip is vital in preventing 'breakoutsl-where the skin of the s o l i d i i g  

strand breaks and releases the molten metal held inside. A breakout can often result in the 

destruction of signiiicant parts of a continuous casting machine, and can therefore be 

extremely expensive. It should be noted that mould oscillation, while being vital to the 

successful operation of the machine, is also associated with the formation of transverse 

ripples (oscillation marks) on the surface of the steel. Oscillation marks are closely linked 

to the problem of transverse cracking that is introduced in section 2.1.4, and is the 

industrial root of this study. 

In modem continuous casting machines moulds are invariably curved, although this 

is not the only possible configuration? The curvature permits casting to be perfonned 

vertically under gravity, and extraction of the solidfied strand to be perfonned 

horizontally, aüowing for a truly continuous process. However, one major implication of a 

curved mould is that at some point the strand must be straightened. 

As the strand emerges fiom the mould it enters the secondary coolmg zone where 

it is cooled using water sprays. At this stage the steel is carefùlly supported using guide 

rollers so as to minimize the chance of breakout. The strand leaves the secondary cooling 

zone as the tangent to its curve tends towards the horizontal, whereupon it is straightened 

(or 'unbent') using an array of rollers in what is known as the 'unbendimg' operation. The 

resulting horizontal product is withdrawn using dnven rollers and cut into appropriately- 

sized lengths by a flame cutter that is dnven fonvard (away fiom the machine) at the same 

rate as the exiting strand, thus giving an edge perpendicular to the casting direction. 

2.1.3 The Future of Continuous Casting 

The present trend in continuous casting is to remove parts of the process that can 

be made unnecessary, notably the inspection stage. If product quality can be either 

guaranteed, predicted throughout production runs, or measured without cooling the 

strand, then the need for room temperature inspection disappears, as does the need for a 

significant part of the subsequent reheating process. The removal of the inspection stage 

in wnventional wntinuous casting gives nse to two possibilities in improving the process, 

these are tenned hot charging, and direct rolling (Fig. 2.4). 



In the praaice of hot charging, the C m &  
m"u""a" 

continuously cast strand is taken off the continuous Dz* 
caster and put into the reheat fumace wirhout first ( Conlinuous casier 1 
cooling it to room temperature. This leads to a I 
swing both in the energy needed for reheating, and [y 1 
in the time and space that would otherwise be 

occupied for cooling and inspecting the slabs as they 

come off the caster. This practice is becoming 1 1 
Hot miüig mil1 

commonplace in easier-to-cast grades of steel. 
Fig. 2.4 Stoges thot could be rentoved 

In the practice of diiect rolling, the strand is 
fiom the continuous casting 

taken off the caster and put diiectly into the hot pmcess. 

rolling mill, often via a continuous soaking fumace. 

This eliminates the reheating stage almost altogether. The widespread adoption of diiect 

rolling in the future, however, requires a significant kcrease in casting speed since the 

throughput of a modem caster is much lower than that of a modem hot rolling mill. This 

increase in speed is lkely to be achieved by casting thinner sections as raising casting 

speed while maintaining current product dimensions would mean building long and 

expensive casters. Even though casting thimer sections introduces a myriad of new 

problems, it is widely seen as being the next step in the development of the continuous 

casting process. 

Aside fiom the partial removal of one heating stage, bringing as-cast dimensions 

closer to those of the h a i  product has many other potentiai advantages, mainly related to 

the removal of parts of the subsequent rolling processes. The number of operations that 

can be mmoved depends on how close the as-wt strand is to its intended final size; the 

attempts that are at present being made to reduce as-cast dimensions can largely be 

distinguished by the extent to which they might achieve this (Fig. 2.5). 

Thin slab casting is intended to produce slabs ranging fiom 20-80 mm thick 

(conventionai slab thickness is typically around 200 mm). Sl&s of these dimensions do 

not require roughing and so may be passed diectly to the hot ûnishing mill. Some plants 



based around thin slab casters are currently in =bg:I N - - b  '=* 
d-lonr al'7m#fwJ 

operation, perhaps the most notable being Nuwr's $y-, r-~-, 

Crawfordsville plant' in Indiana, USA which was 

the fint plant of this kind to be built on a greenfield 

site. Two more radical processes, s@ip casting and 

thin stnp cusfing, are still in the developmental 

stage.' Strip casting has the potential of 

e l i t i n g  the hot strip miU altogether, allowing 

the product either to be sold irnmediately d e r  
.......... I 

casting, or passed diiectly to the wld rolhg mill, ~~~~w 
a t m s  

depending on its intended use. Thin strip casting 
1 

may be able to e l i a t e  all processing bar the 2.5 Neor-net-shope 

possibililies for f i t  mlled 
casting itself even for 'wld rolled' strip, provided 

pmducts.'O 
that the desired mechanical properties can be 

obtained in this manner. It should be noted that this final proviso, of course, applies 

equally to all the new techniques mentioned here. 

2.1.4 Quality in Continuous Casting 

As was mentioned in the previous section, in order for either hot charging or direct 

rolling to be applied to the casting of a given steel, it must be possible either (a) to 

guarantee a certain level of quality in the as-cast product throughout a production mn; @) 

to use parameters measured during the casting of a given slab (e.g. mould and woling 

water temperatures, tundish level wntrol, and withdrawal force) to perform rd-time 

prediction of whether defects are likely to be found in that slab;" or (c) to measure surface 

quality after casting without woSig the strand. The latter possibility is at present the most 

widely used and is termed 'on-Sie hot surface inspection'. Apparatus designed for this 

purpose must be capable of detecting, marking, and categorising flaws on the surface of 

the steel at temperatures greater than 900°C and roller table speeds of up to 1.5 m S.'. 

Considerable research effort has been expended in this areal' and has produced deïices 
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based on optical, thermal, electromagnetic, and ultrasonic processes; the most widely used 

of these is the optical variety.13 

As in any quality control system though, the most desirable solution is the first: to 

be able to guatantee product quality. The focus of this study is to further understanding of 

one mechanism by which certain imperfections are thought to form, and thereby to 

contribute to our ability to guarantee the quality of continuously cast semi-finished 

products. 

A number of categories of defect can be found in wntinuously cast products; 

Brimacombe and Sorimachil4 identified 11 diierent types of imperfection, examples of 

which are inclusions, blowholes, internai segregation, and cracks. However, since 

inclusions and blowholes cm now be confidently controlled using well known steelmaking 

and casting procedures,'' and the effects of segregation are reduced by the hot rolling 

process, cracks, particularly surface cracks, are presently the biggest single issue in 

improving the quality of continuously cast products. The International Iron and Steel 

Institute @SI) categorised 8 types of surface defect16 that can be found in this type of 

product; however, in this suniey, we are specifically concerned with the transverse facial 

and edge variety of surface cracks. These are distinct fiom other types of surface 

imperfection, as detailed by the above authors, because they are thought to develop 

outside the mould during the unbending operation when the solidification process, at least 

at the surface, is comp~ete.'~ 

In order for cracks to form at a given location on the surface of the strand, two 

conditions must be satisfied:" 

1. a stress system must be in operation, and it must be tensile in nature; 

2. the hcture strength at that point on the surface must be exceeded. 

There are a number of sources of stress on the strand during the continuous casting 

process (two of which were mentioned earlier), the analysis of which has become very 

advanced with the application of finite element methods. The explanation of these studies 

is beyond the scope of this thesis, however, ~ankford" has produced a good qualitative 
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summary of the sources of stresses acting on a wntinuously cast strand in which he 

suggested that these stresses may be separated into essentiaüy 4 major areas: 

1. mouldfnction forces-related to fiiaion between the newly solidified strand 

and the reciprocating mould; 

2. fhennal s tressesdue to themial gradients both through the solidieng skin 

and dong the axis of the casting; 

3. ferroslatic pressure-exerted on the skin by the molten wre  of the strand- 

important both in and below the mocld; 

4. b e n h g  forces-imposed dunng the bending or 'unbending' of the strand in 

order to withdraw the product horizontally. 

2.1.5 Transverse Cracks 

Transverse cracks are generally fine and can penetrate to a depth of 5-8 mm below 

the surface of the strand. The cracks can be difficult to detect on the as-cast surface and 

so scarfing of difficult grades d e r  casting in order to reveal them is commonplace. There 

is stüi no consensus about the ongin of transverse cracks (i.e. the point at which they first 

appear). Cracks generally form at the roots of oscillation marks and have been found to 

contain mould powder: they are therefore generally thought to be initiated in the m ~ u l d . ' ~  

However, cracks have also been observed to nucleate dunng bend tests performed at 

around 8 0 0 " ~ , ~ ~  which suggests that nucleation in the mould is not a necessary condition 

for transverse crack formation. Mintz et al.'' suggested that oscillation marks act as 

notches, creating stress concentrations at their roots. This hypothesis is supported by 

Maehara et al." who found that increasing the depth of notches in tende specimens 

generally reduces elongation in the temperature range 800-l,lOO°C; notch radius was 

found to be unimportant, as sharper notches became rounded in the early stages of 

deformation. 

Crack propagation takes place dunng the unbending operation, where the major 

source of stress is that induced by the strain imposed to achieve the desired shape change. 

It is evident (Fig. 2.6.) that in order for the strand to accommodate the imposed change in 



its geometry, i ü  top surface must be placed in 

tension and its bottom surface in compression. 

However, the strain distributions across the 

width of the strand and through its thickness b 
E. 

depend on whether the strand is completely 

solidiied, or if it still contains a liquid cote (as 

is ofien the case in m0d-m high S P ~  2,b Through-,hicbress strain 

machines). disfribution in o ~üllyimlidified 

With the strand completely solidified, shand during single point 

~ha ighfen in~ .~  
simple beam bending theory, as suggested by 

~ankford," gives a reasonable approximation of the strains (G) imposed at the surfaces: 

b 
& =- Eq. 2.1 

2r 

where b is the slab thickness (typically 200 mm) and r is the radius of curvature of the 

strand (between 8 and 10 m). 

In the case of straightening with a liquid wre, the middle portions of the upper and 

lower parts of the solidiied shell are wnsidered as separate beams, while the influence of 

the skin formed at the edges of the strand is measured by wnsidering its thickness relative 

to the total width of the section. This 
Schmolis ofmodal S l n u  durnbrrm 

l ads  to two diierent models for L - 
deformation of a strand with a liquid (a) 

- 
wre: the 'sofl-' and 'hard box' 

/ 1 CornpouNo Taule 
models, as illustrated in Fig. 2.7. tigttid-, ! 

The sofi box approach 
@) 

assumes the strand to be a 'soft' box, 

with the upper and lower skins acting 

entirely independently. This is Fig. 2.7 Smin dislribuflon in solidged shell using (a) 

iikely to be applicable in products the 'm~? box' oppraoch, and (b) the 'hard box' 

such as slabs, where the aspect ratio approach.6 
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is hi& and where the shell thickness is small when compared to the slab width. In this 

case, the surface strains and solidniquid interface strains are given by 

f Eq. 2.2 
& =&  =- 
" 2  

where E. = outer surface strains; 

E; = solidniquid interface strains; 

t = shell thickness; 

r = machine radius. 

In the hard box case, bending is assumed to be strongly intïuenced by the 

deformation of the solidified edges and therefore the surface strains are given by Eq. 2.1, 

i.e. the same equation as for the completely solidiied case. The solid/liquid interface 

strains in the hard box model are given by 

Eq. 2.3 

It has been demonstrabed, using finite element techniques, that the sol? box approach is 

appropriate for slabs or large blooms, and that the hard box model is only valid for billets 

and mal1 bloom s e ~ t i o n s . ~  

It can be seen from Eq. 2.1, Eq. 2.2, and Eq. 2.3 that, assuming that large strains 

are bad for quality, the 'worst case' scenario, for the purposes of preventing cracks that 

nucleate on the surface of the strand, is that expressed by either the hard box or solid 

models as these models give the highest strains for given values of b and r. If a realistic 

range of values for these two parameters is substituted into Eq. 2.1 (e.g. 150 < b < 350 

mm and 8 < r < 10 m), then the slab surface strain is found to Vary between 0.8 and 2.2%. 

The strain rate under continuous casting conditions can be estimated by: 

Eq. 2.4 
i=&; 

where v is the casting speed (typically in the range 0.8 to 1.8 m mi6') and 1 is the distance 

over which the bending stress develops, a distance that cm Vary considerably dependiig 

on machine design. In order to keep strain rates low, some machines are designed with 
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multi-point bendiig, where the strand is bent slightly at a number of different stages 

through the machine. Using Eq. 2.4, Lankford estimated the strain rate during unbendiig 

in wntinuous casting to be between 5x10~  a' and 7 x 1 ~ ~  s'." 

2.2 The Hot Ductiliîy of Steel beîween 700 and l,OOO°C 

The formation of transverse cracks during the wnthuous casting of steel has been 

firmly linked to the existence of a temperature range in which steels exhibit low ductility. 

The straightening operation is carried out while the surface of the suand is between 700 

and l,OOO°C, over which range steels tested in uniaxial tension will fracture &er a 

relatively small elongation. 

2.2.1 Meusurement of Hot Ductilily 

The test that best simulates the mechanical aspects of unbending is the hot bend 

test.18 In this procedure, 'hot ductility' is determined by assessing the severity of surface 

cracking produced dunng the experiment; this evaluation can be difiicult to perform and so 

the test has rarely been used. Alternatives to this method, which attempt to mimic the 

mechanical situation found in beam bending, have been developed-one a variation on the 

hot compression test,% another a method of solidiijhg notched tensile specimens in situ.2.' 

However, because of the easy availability of standard equipment and the comparatively 

simple procedures associated with it, the labontory technique that has been used in the 

vast majority of the hot ductility work carriecl out to date is the isothennal, uniaxial hot 

tensile test. 

During a hot tende test, a specimen is wmmonly heated to some temperature 

above the solution temperature of any microalloy precipitates, both to dissolve these 

particles, and to attain a warse grain size similar to that found in the wntinuously cast 

strand. The sample is then woled to test temperature, in this case normally between 700 

and 1,00O0C, and deformed isothermally to fracture, often using a servo-hydraulic load 

fiame. Upon fracture, one of the resulting specimen halves may be quenched in order to 

preserve the microstructure that existed at failure. The 'hot ductility' is then taken to be 

either the reduction in area, or the total elongation, at fracture; both are normally 
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expressed as a percentage. The more usual quantity to use is the reduction in area (%RA) 

because it is easy to masure and is not dependent on specimen geometry. 

However, it should be noted that, even if one ignores the mechanics of the applied 

stresses, the hot tende test does not, in any of its guises, closely simulate the straightening 

operation in continuous casting. The conditions imposed during these tests differ in 

several important ways fiom the real situation, the major diierences being the thermal 

history of the sample (and therefore the microstructure), and the amount of straining 

imposed. 

in the case ofthe straightening operation, the microstructure near the surface ofthe 

strand is columnar and very corne, with grains up to 10 mm in length; the material here is 

highly segregated and the surface is significantly oxidised. In most hot tensile work, on the 

other hand, the grain size obtained is smaller, of the order of 300 pm, and the 

microstnicture is equiaxed. Also, in the laboratory, much effort is oflen expended in 

homogenising the material and protecting the specimen's surface from oxidation. During 

unbending, the surface of the strand undergoes significant cyclic temperature variations 

(see section 2.2.3.3), whereas in isothermal tende testing the temperature, of course, 

remains constant. Finally, in the case of continuous casting, the strain imposed on the top 

surface of the strand during unbending, as has already been mentioned, is between -1 and 

2%, whereas in the case of tensile testing to failure, the elongation in the trough may be as 

much as 50% and is normally non-uniform. 

i n  its defence, the hot tensile test does seem to redeem itself when used intelligently 

in examining specific problems. Mintz and ~bushosha'~ found that the test is very 

sensitive to the heat treatment employed (see section 2.2.3.2). For instance, it was found 

that for examining the influence of S and Ti (Le. elements that do not othenvise go 

completely back into solution), the procedure of casting tensile specimens and cooling 

them diiectly to test temperature is likely to be the best method of simulating the actual 

unbending process. On the other hand, the solution treatment route, as outlined above, 

was found to be an excellent method for examining the effect of Al, Nb and V on ductility. 
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The hot compression test has also been used in work related to hot ductility," and 

it has been used in a significant part of this study. Compression testing has the advantage 

that it avoids the problem of necking and so, in theory, relatively homogeneous and precise 

strains can be applied. Further, specimens deformed in compression can be quenched at 

any point during deformation, whereas in tension, one very often has to wait for failure to 

occur before quenching is possible. However, it should be noted that, with the possible 

exception of the amount of strain applied, the same discrepancies exist between the 

conditions imposed dunng the hot compression test and those that prevail during the 

unbending operation as were described above for the tensile case. 

2.2.2 Hot Ducrifi@ Curve Between 700 and I,OOO°C 

i f a  number of isothermal hot tensile tests are performed on a given steel over the 

700 to l,OOO°C temperature range, and the resulting %RA values are plotted against test 

temperature, a curve resembling that in Fig. 2.8 is commonly obtained. It can be seen that 

there is a significant drop in ductility (%RA) between -700 and 900°C, what might be 

refeaed to as a 'ductility trough'. In order to explain the reasons for its existence, it is 

usehl to split this trough into three sections, as shown in the figure: 

1. the trough or region of embrittlement; 

2. a high ductility, high temperature (HDH) region; 

3. a high ductility, low temperature (HDL) region. 

Each of these regions is discussed individually below. 

Fracture in the region of embnttlement at the low strain rates that apply in 

continuous casting is invariably by intergranular failure?' The fracture surfaces are either 

smooth, or are covered in fine dimples (the relics of microvoids), suggesting two distinct 

fracture mechanisms. 

Smooth fracture surfaces are caused by grain boundary sliding in the single phase 

austenite region. Grain boundary sliding may be thought of as plastic deformation that is 
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closely wntined to the vicinity of the grain 

boundaries. This ocnirs in austenite rather than in 

femte because, as is explained in section 2.4.1, 80 

recovery is favoured in the latter, giving rise to low 

flow stresses in the bulk of the material. Cracking 

occurs by teuing at triple points (Fig. 2.9), where 

large stresses build up that are not acwmmodated , 
by the lattice. al--- m m s a , i w o  

Tanpsabm. OC 

Grain boundary sliding is essentially a creep 
Fig. 2.8 Typicol voriolion of %R4 

fracture mechanism and is therefore typically 
values over the ronge 700 Io 

associated with strain rates below lo4 s-1 (Le., 
1.0000C." 

lower than those found in most wntinuous casters) 

However, fracture has been observed to occur by this mechanism at strain rates of the 

order of 10" s-1, and Ouchi and ~a tsumoto~ '  have observed grain boundary sliding in Nb 

containing steel at rates as high as 10" s-1 . 
Dimpled fracture surfaces are linked to preferential deformation around the 

austenite grain boundaries, causing the formation of 

miaovoids; these link up and eventually cause Grunbunda>y Resullingwedge 
mowment crockformaIion 

faiiure. This preferential deformation can be caused 

by two separate mechanisms: 
a) 

1. precipitate free zones; 

2. thin femte films. 
b 

In microdoyed steels that have been 

solution treated before being cooled to the test 

temperature, Mintz et al."' found that microalloy 
C) A A 

precipitation takes place dunng deformation in the 

austenite. The formation of relatively warse Fig. 2.9 Schemaric Of wedge 
crack formaiion by groin 

precipitates at the grain boundaries is accompanied 
boundoty ~l iding?~ 
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by the formation of a precipitate free zone (PFZ) around the grain boundary; this is 

accompanied fine matrix precipitation in the remainder of the material, which leads to 

considerable strengthening. The PFZ therefore lacks strength relative to the rest of the 

matrix, and so deformation is concentrated in this a ra ;  voids form at grain boundary 

precipitates and failure results." 

At temperatures high in the y-plusa two-phase region, thin films (-5-20 pm 

thick)" of ferrite form at austenite grain boundaries. At a given temperature, femte has a 

lower flow stress than austenite-ferrite work hardens less readily since dynamic recovery 

is more difficult in au~tenite'~ (see section 2.4.1). When these two phases are both 

present, therefore, in a matenal that is being plastically deformed, a larger proportion of 

the strain will be concentrated in the ferrite. This leads to ductile void formation at stress 

concentrators such as MnS inclusions, and eventual void linking and failure (Fig. 2.10). 

Crowther and amongst others, have 

shown that the formation of these ferrite films is 

induced by deformation. Under static, isothermal 

conditions, ferrite would first be expected to appear 

at the Ae, temperature, that is the equilibnum 
MnS inclusions 

transformation temperature for the steel in question 

(see section 2.2.3). Under more realistic Fig. 2.10 Schernaiic diogrorn showing 

(continsous cooling) conditions, ferrite would first mechonism oJ trons/onnotion- 

induced iniergronulor be expected to appear at the A r 3  temperature, 
f i i l u f l  

referred to as the continuous cooling transformation 

temperature. This varies with cooling rate but must, of course, always be lower than the 

Ae.  However, under dynamic (i.e. straining) conditions, ferrite has been shown to appear 

at temperatures well above the static Ar,, and even up to the Ae3 (see section 2.4.2.3). 

Mntz et al." have s h o w  that even the small strains associated with the unbending 

operation are sufficient to induce ferrite formation above the static A r 3  in 0.1%C steel. 
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2222 H g h  Ductility Higk Temperaiurt Region 

Ductility nses sharply towards the higher temperatures s h o w  in Fig. 2.8. When 

the Am temperature is approached, the femte volume hction tends towards zero, thereby 

inhibithg strain concentration in this sofier phase. This mechanism is, of course, only 

effective in improving ductiiity up to the Aq; once the single-phase austenite region is 

entered, other mechanisms are responsible for the matenai's behaviour. 

At these higher temperatureq the dnving force for precipitation is reduced, 

meaning that fewer precipitates will be found in the matrix and at grain boundaries, and 

therefore less strain concentration by the action of precipitate ûee zones should be 

enwuntered. Also, Grant and co-workers3' have s h o w  that crack formation by grain 

boundary sliding in creeping ailoys occurs most easily in the presence of grain boundaiy 

particles; a reduction in the number and size of grain boundary precipitates should 

therefore have an effect on this mechanism. However, grain boundary sliding c m  occur 

more readiiy as the temperature increases, so that it is possible for ductility to actually 

detenorate. 

In more than one ~ t u d ~ , " ~ . "  the lower temperature l i t  of the HDH region has 

been found to wincide with the occurrence of dynamic recrystallimtion, which is thought 

to improve the ductility of steels because it occurs by the movement of grain boundaries. 

Grain boundary migration isolates grain boundary cracks, effectively moving them closer 

to the centres of grains where it is more difficult for them to grow and subsequently 

coaiesce. However, Mintz et al?' suggest that this correlation exists because, at 

temperatures below the AQ, dynamic recrystailmtion is stifled by the presence of thin 

bands of femte around austenite grains, which, of course, are not good for the ductility. 

The above authors postulate that if the temperature were high enough to remove ail femte 

(Le. >Aq), but too low for dynamic recrystailization, the ductility would still be low 

because at this point grain boundary sliding is a signifiant embnttling mechanism. 

Whether the ductility would improve at this point, depends on the relative effects of the 

two mechanisms. Such knowledge is of course very important to the continuous casting 

situation. 



As the temperature is further increased in the singlephase austenite region, the rate 

of grain boundary sliding is increased, but this occurs as the critical strain for dynamic 

recrystailization decreases, in many cases resulting in a net improvement in ductility. It 

should be noted that migrating grain boundaries can be pinned by precipitates, and 

therefore dynamic recrystailiition can be inhibited. The removal of precipitates by raising 

the test temperare, as weU as limiting grain boundary sliding and preventing strain 

concentration, can thus also effect the ductility in this third manner. 

Finally, increasing the test temperatures leads to a reduction in flow stress in the 

bulk material. This increases cornpliance in the matrix with strains occurring at grain 

boundaries and thus decreases strain concentration in these areas, thereby increasing the 

material's ductility. 

2.12.3 High Ductiliv Low Temperature Region 

The increase in %RA values at the lower end of the ductility trough is largely due 

to the presence of significant quantities of ferrite in the material: ductility reaches a 

maximum in this region when there is around 50% ferrite present pnor to deformati~n.~' 

Femte is far more ductile than austenite and is only detrimental to ductility when present 

as thin films-a result of al1 the strain being concentrated in this phase. The strength 

differential between austenite and ferrite decreases with temperature:2 and this coupled 

with the rapidly increasing amount of ferrite available to accommodate the strain results in 

a significant increase in ductility when the temperature is further reduced. 

2.2.3 The Effect of Tat  hriables on Hot Ductility 

2.2.3.1 The Effect of Stmin Rate 

Increasing the strain rate in a hot tende test, over the range of strain rates found in 

the unbending operation, invanably improves the hot ductility, and can eradicate the 

trough en tir el^?^ Fig. 2.1 1 shows the results of one study in which raising the strain rate 

by several orders of magnitude resulted in a narrowing of the ductility trough, a reduction 

in its depth, and the displacement of the trough's upper bound to lower tecnperatures. 

This displacement is normally present and is due to the reduction in the amount of time 
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available for certain critical processes to 

occur. These process include dynamic 

precipitation, diffusion-assisted void 

nucleation and growth, and dynamic 

recovery in ferrite. The latter process, it 

has been ~ u ~ ~ e s t e d , ~  results in the work 

hardening of any thin films of ferrite 

formed at the austenite grain houndaries, 

encouraging the strain to be taken up by 
Fig. 2.11 Dependence ojductili@ on slroin rate ond 

the y, thus leading to an increased test temperattue for Nb-beoring steel.J9 

amount of deformation induced ferrite 

and better duaility. Increasing the strain rate has also been obsewed to cause a decrease 

in the proportion of the fracture strain attnbutable to grain boundaiy ~liding.~' 

When unstable fine precipitates (e.g. FeMn sulphides) are present, decreusing the 

strain rate has also been shown to improve d u c t i ~ i t ~ ; ~  in this case, precipitate coarsening 

seems to be the beneficial mechanism. Niobium-containing steels have been s h o w  to 

benefit from a similar phenornenon (coarsening of Nb(C, N) precipitates) at very low strain 

rates (lo4 to l ~ ~ s - l ) . "  

2.2.3.2 Effect of Rehea! Temperoîure 

As was mentioned in section 2.2.1, the results gained from a hot tende test are 

very sensitive to the thermal cycle imposed. This sensitivity i s  of course, due to the effect 

that the thermal cycle has on the microstnicture of the specimen. 

In most cases, specimens are heated to some austenitizing ternperature (usually 

between 1,100 and 1,300°C), cooled to test temperature, and then tested i s o t h e d y  to 

failure. This treatment gives a relatively coarse grain size, redissolves most precipitates, 

and aids the examination of the effects of Al and Nb, compared with the directly cast 

method, more Nb is available for precipitation in fine form dunng deformation. However, 

this form of heat treatment does not allow full investigation of the effects of elements such 
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as Ti and S, since these in their combiied f o m  as TïN and MnS do not fully dissolve until 

higher temperatures.26 

Castiig samples in a Gleeble machine (Le. reheating them to some point above the 

liquidus temperature) is thought to be the best method of simulating the thermal 

conditions that lead up to the unbending opera t i~n .~  This is the only procedure capable of 

assessing the effect of elements that form high-melting-point precipitates such as those 

mentioned above. However, this type of Ueatrnent tends to suppress changes in dudlity 

that result from other compositional variations because precipitation is oflen warse in the 

as-cast state. 

In samples heated directly to test temperature, grain sues are relatively fine and 

thin films of ferrite do not form. It is generally accepted that the ductility trough in such 

expenments results fiom grain boundary sliding, encouraged by the presence of any fine 

precipitates. In this case, the low temperature iimit of the ductility trough is tied to the end 

of the femte-to-austenite transformation on heating and extends to a temperature high 

enough to dissolve andfor coarsen the precipitates so that they can no longer effectively 

pin grain boundaries, or cause cavity linkage duc to their close pro~imity!~ 

2.2.3.3 Efict  of Thermal Cycling 

The surface tempwature of the slab varies dramatically as it passes through the 

continuous caster. As it moves away fiom the bottom of the mould, the surface cornes 

into contact both with cooling water sprays, and with guide rollers, which are water 

cooied. This leads to considerable temperature cycling, as evidenced by Fig. 2.12. It can 

be seen from this figure that the strand surface temperature drops considerably (in this case 

around 100°C) dunng contact with each of the rollers, then nses rapidly, only to fall 

slightly again as a result of the cooling sprays. The reason for the sudden nse in 

temperature, of course, is the fact that the core ofthe slab is much hotter than the surface. 



Simulations involving 

cyclic heat treatments have been 

performed.u. These have 

s h o w  that in C-Mn-Al and C- 

Mn-Nb-Al steels, allowing the 

temperature to drop below the 

test temperature during the 

prior heat treatment causes an L: 5 1 IO 15 20 a 

increased amount of fine Dklirm-hl 

precipitation, and thereby Fig. 2 . 1  Suflcce temperahrrepmjile dawn the mid braad/oce 

reduces ductility. Where the jôr a 1,830 mm x 230 mm ~ l a b . ~  

temperature drops low enough 

for some ferrite to form, it would be expected that precipitation would be further 

enhanced, and therefore the ductility reduced further. 

2.3 The Austenite-to-Ferrite Phase Transformation Under Static 

Conditions 

Upon cooling slowly to the & temperature:' y-iron (face-centred cubic) begins to 

transform into a-iron (body-centred cubic). This transformation occurs at 910°C in pure 

Ûon, but is progressively moved to lower temperatures as the carbon content is increased 

(assumina no other alloying elements are added), down to a minimum of 723OC, the 

eutectoid temperature. 

The growth of femte in an austenite matnx is a diffision-controlled process;& that 

is, the rate at which it occurs is determined by the rate of diffusion of some species (in this 

case carbon) through the matenal. The maximum solubility of carbon in y-iron is 2.1 1 

wt% and occurs at 1147'C, whereas the maximum solubility of C in a-iron is 0.02 wt% at 

723°C. This two-order-of-magnitude disparitj in C solubility in the respective lanices is 

due to diierences in the size of interstitial positions; even though aus te~te  is in the close- 

packed conflg~ration,~' its interstitial sites are larger than those found in ferrite, and it is 
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therefore able to accommodate larger amounts of carbon. The result is that when y 

decomposes into a, carbon must diffise across the boundary between the hvo phases and 

away through the y lanice. 

ifthe transformation is allowed to approach wmpletion, the solubility limit of C in 

the austenite d eventually be reached and cementite (FqC) d l  be formed. This is a 

metastable phase, in that it will remain indetinitely at room temperature, but if heated to 

between 650 and 700°C for several years it will slowly transform to a-iron and graphite, 

the stable form of carbon. Given the sloth of this transformation, cementite is, for practical 

purposes, wnsidered stable. 

2.3.1 The Effect of Cooling Rate 

The y-toa transformation may be detected experimentally during heating or 

cooling using either thermal analysis or dilatometry. However, as was mentioned in 

section 2.2.2.1, some hysteresis is gbserved in the phase change, and as a wnscquence 

three values for the & tempemtxe can be obtained: ACJ for heating (chauffage), A q  

(equilibrium), and Ar3 for cooling (refroidissement). The values obtained for Ac3 and Ars, 

relative to A& for a given steel, are affected by the rates of heating or cooling used in their 

measurement, which can also affect the morphology of the ferrite formed (see section 

2.3.4). These values are also infiuenced by the austenite grain size (see section 2.3.2): 

refining the austenite structure would lead to more ferrite nucleation sites and 

wnsequently a higher Ar3 temperature for a given cooling rate and composition. 

2.3.2 Effect ofAIIoying Elements on the A ~ J  Temperature 

The addition of alloying elements to a steel can dramatically affect the y-toa 

transformation. Elements such as Ni, Mn, Co, Cu, C and N are austenite formers; that is, 

they lower the Ar3 and retard the decomposition of y. Elements such as Si, Al, P, Cr, V, 

Mo, W, Ti, Ta, Nb, and Zr, on the other hand, are ferrite formers; they raise the Ar3 but 

retard y decomposition by slowing the diffision of C in the austenite matrix and by other 

mechanisms such as grain boundary e~chment .  Al1 of the aforementioned ferrite formers 
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stcept Si, Al and P are also strong carbide formers and wili therefore precipitate alloy 

carbides independently, fiirther complicating their effeas on the phase transformation. 

2.3.3 Ferde Nucleation and Growth 

The nucleation of femte in the austenite matrix is, of course, a heterogeneous 

ptocess. Suitable sites are discontinuities such as ûee surfaces, stacking faults, 

dislocations, and particularly grain boundaries, al1 of which increase the free energy of the 

material." The formation of ferrite nuclei at these crystalline defects, and the resulting 

complete or partial destruction of the imperfection, is a thermodynamically favourable 

event: the activation energy for femte precipitation is effectively reduced or eliminated 

altogethet by the free energy released as the discontinuity is rernoved. The proportion of 

ferrite nuclei that result from each of these types of defect depends upon the free energy 

available in each case, and the number of a given type of defect present in the matrix. As 

was s h o w  by Clemm and ~isher:~ the most favourable sites are grain corners, edges, and 

surfaces, respectively; however it should be noted that the density of sites available in each 

case decreases in the same order. In a fine-grained specimen, where there are a large 

number of grain corner and edge sites, a relatively large number of nuclei will be able to 

form at small undercooling and in short periods of tirne. In a coarse-grained specimen, 

relatively few nuclei will be formed under comparable conditions; these factors intluence 

both the amount and the morphology of the ferrite formed. 

In a plain carbon steel, the growth of ferrite is dependent on the overall carbon 

content of the steel, and on this carbon's ab'ility to diffuse away from the interphase 

boundary. Over the period ofthe transformation, the interaction between the driving force 

for the transformation, the amount of ferrite already formed and the carbon level in the 

remaining austenite leads to an "S" curve when fraction transformed is plotted against 

tirne. This form of curve is common to al1 nucleation-and-growth transformations and cm 

be described using the following equation, cornmonly known as the Awami equation:'" 

y = 1-~p(-kt") Eq. 2.5 

where y is the fraction transformed, t is time, and k and n are time-independent constants 

for the particular reaction. 
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As the transformation temperature (i.e. degree of undercooling imposed) is varied, 

the interplay between nucleation rate (as influenced by dnving force) and diffusion rate 

l a d s  to the classic "C" curve on the appropriate t h e ,  temperature, transformation (TlT) 

diagram.50 Variations in transformation temperature can also dramaticaliy affect the 

morphology of the ferrite that results from the reaction. 

2.3.4 The Morphological Class~jication of Ferrite 

As the y-toa transformation temperature is forcibly lowered, i.e. the degree of 

supercooling is increased, so the morphology of the resulting femte is changed. Dubé 

proposed a classification of these morphologies that was later extended by AaronsoqS' 

and is illustrated in Fig. 2.13. 

2.3.4.1 Groin Boundary Alloîriomorphs 

At small undercooling, pro-eutectoid ferrite (Le. ferrite formed above the eutectoid 

temperature) forms as grain boundary allotnomorphs, which as their name suggests, 

generally nucleate at austenite grain boundaries. As is also suggested by the name (the 

word "allotnomorph" refers in this case to an outward form that does not display the 

symmetry of the intemal structure), allotnomorphic ferrite does not have regular 

boundaries with the parent austenite grains, but rather is usually equiaxed or lenticular 

(lentil-like) in shape since it tends to grow preferentially dong the grain boundary on 

which it was nucleated. This is the first morphology to be found, whatever the degree of 

undercooling and for any composition; at small undercooling it is the predominant form, 

and results in an equiaxed femte structure. Grain boundary allotnomorphs nucleate with a 

Kurdjumov-Sachs orientation relationship with one of the two parent grains: 

But also grow into the other grain, with which they will usually have a random 

association. 
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23.4.2 Widmanrlnflen Side Hates and 

Sawteeth 

At larger undercooligs, there is a 

greater tendency for f h t e  to grow into the 

parent grains as plates. Laths (narrow plates) 

of femte grow both from clean austenite 

grain boundaries and from protuberances on 

pre-existing colonies of grain boundary 

femte. These are known, respectively, as 

primary and secondary Widmansttitten side 

plates. The reason for this transition from 

grain boundary femte at lower transformation 

temperatures is not fuly understood, but 

Aaronson et al?' have suggested that it 

occurs because the relative mobiity of 

coherent or semicoherent boundaries 

decreases as the temperature is reduced, 

whereas that of incoherent interfaces 

increases; thus, there is an increased tendency 

-- 
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Fig. 2.13 Morphological classipcafion of 

firrife colonies: (O) groin boundoty 

allohiomorph; (41 lyidmansldlfen 

plales. (il primmy, (ii) secondary; 

(c) Widmonsfalfen srmfeefh. (i) 

primmy. (ii) secondwy; (d) 

idiomorphs; (e) inhagronutor 

Widmansldlfen plole; (B massive 

for plate-like morphologies at larger undercoolmg. Widmanstatten side plates become 

finer with increasing underwoling, and are eiicouraged by large austenite grain sues, 

which prevent the impingement of the earlier-forming grain boundary allotriomorphs. 

Primary and secondary Widmanstatten sawteeth may be regarded as an intermediate 

morphology behveen grain boundary ailotriomorphs and primary and secondary 

Widmanstbtten side plates. 

Idiomorphic femte has an hegular equiaxed or polygonal morphology, and tends 

to form intragranularly, presumably at inclusions and other favoured sites. The term 

"idiornorph" in this case refers to an ouîward form that reffects inward symmetry. 
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Whether or not intragranular precipitation of ferrite is obser~ed depends to a large extent 

on the aus te~te  grain six.  In fine-grained specimens, carbon rejected as ferrite f o m  on 

grain boundaries wili rapidly raise the carbon concentration in the centres of the grains, 

increasing the supersaturation and making nucleation even more diicult. In the coarse- 

grained case, however, this increase in supersaturation will be much less marked and so 

there will be a greater possibility of ferrite forming at the less favourable intragranular 

sites. 

2.3.4.4 Massive Ferrite 

Massive transformations occur at large undercooling and happen very rapidly 

through the movement of inwherent (high energy) boundaries, which can move at speeds 

of up to 20 mm s"?' The transformations exhibit nucleation and growth characteristics, 

and although these are not shear transformations, the mechanism responsible is thought to 

involve shear-like movements. The microstnictures produced by massive transformations 

often contain large patches of grains with irregular boundaries surrounded by areas with a 

mixture of planar and curved boundaries. No simple orientation relationships between 

product and parent matrices are known for this kind of transformation. Since massive 

transformations occur so rapidly, they are not found in medium or high carbon steels, in 

which there is insufficient time for enough carbon to diffise out of the aus te~te  to prevent 

the formation of martensite. 

2.4 The Plastic Deformation of Steel in the Two-Phase Region 

and its Enc t  on the Austenite-to-Ferrite Phase Transformation 

When metallic structures are plastically defonned, between -2 and 10% of the 

energy expended in achieving that deformation remains in the material as crystalline 

defects." However, plastic deformation in metals is not accommodated u~formiy in the 

microstnicture, particularly when more than one phase is present, and therefore the 

distribution of these faults is also inhomogeneous. The effect of deformation on a 

diisional transformation as a result of these defects is essentially two-fold. Firstly, on a 

simplistic level, deformation increases the number of preferential nucleation sites available 
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in the matenal by inaeasing the number of dislocations, thereby accelerating nucleation. 

Secondly, deformation aids d i i s ion  through the parent lanice as dislocation lines act as 

diffision 'pipes': the greater the number of dislocation lies, the greater the total 'surface 

axa' available for relatively easy diffision and therefore the M e r  the progression of 

difision-controlled growth. Umemoto and ~ a m u r a ~  have shown, by calculation, that the 

ferrite growth rate is only slightly enhanced by straining and that the greater effect of 

deformation on the transformation is its effect on the fmite nucleation rate. The 

mechanisms descnbed in the following pages therefore focus on this phenomenon. 

The remainder of this section is split into two subsections, the first gives a &f 

introduction to the plastic deformation of metals in general, and focuses in particular on 

steel in the vicinity of the two-phase region. The 2 rond discusses in more detail the effect 

of deformation on the austenite-to-ferrite phase transformation. 

2.4.1 The Plastic Deformation of Steel in the %O-Phase Region 

The behaviour of a single pure metallic crystal subjected to plastic strain is largely 

wntrolled by the dislocation density that exists in the crystal at a given point dunng that 

deformation, and by the way that those dislocations are distnbuted; these parameters are 

wntrolled by the crystal's stacking fault energy (SE)?' In matenals with low S E ,  such 

as austenitic stainless steels, cross-slip is relatively difficult and dislocations are therefore 

usually dissociated into partials, and have low mobility; hence recovery is slow. In this 

case, a high density of fairly homogeneously distnbuted dislocations is produced dunng 

deformation. Conversely, in matenals with high SFE, such as aluminum and body centred 

cubic (BCC) iron, dislocation cross-slip is relatively easy and recovgr therefore much 

quicker. Plastic deformation of these metals results in a comparatively low dislocation 

density that is distnbuted in a more heterogeneous manner. 

However, since the mechanisms that control the production, movement and 

removal of dislocations within individual grains are thermally activated, the density and 

distribution of dislocations are also strongly affected by the temperature at which the 

deformation occurs. At elevated temperatures, sofiening processes such as recovery and 

recrystallisation5' are ofien able to keep pace with the production of dislocations in 



response to straining. in this case, the resulting dislocation density d l  be relatively low. 

At lower temperatures andor higher strain rates, on the other hand, the dislocation density 

will increase for a given applied strain because the aforementioned recovery mechanisms 

can no longer keep pace with the deformation. 

in  polycrystalline aggregates, the situation is even more wmplex. Uri and wainJg 

found that, in coarse-grained high purity aluminum, the tende elongation in different parts 

of the aggregate wuld vary by a factor of 10; it wuld reasonably be assumed that the 

dislocation density would vary in a commensurate manner. This study found that strain 

not only varied fiom grain to grain, but also that strain wuld vary markedly within a single 

grain. If a neighbouring grain had deformed more than the first, then the strain in the latter 

near the wmmon boundary was usuaily greater than that at the centre of the grain. If, on 

the other hand, the neighbouring grain had deformed less, then the strain in the first grain 

near the boundary tended to be less than that at its centre. It is important to note that 

strain is continuous across grain boundaries, although there are often steep strain gradients 

in such areas, and that these large gradients mean that the boundary can have considerable 

influence over deformation even significant distances away fiom it. 

When steels are deformed at low strain rates in the single-phase austenite region 

(as can be the case during the unbending operation), deformation occurs both by slip, as 

would occur at room temperature, and by grain boundary sliding: i.e. essentially by a creep 

mechanism. As the temperature is raised and the strain rate lowered, the amount of strain 

taken up by grain boundary sliding is increased, although slip within the grains is still the 

process that dictates how the deformation as a whole progre~ses.~' Slip is the controlling 

process because shearing bewmes less limited to the grain boundaries as deformation 

advances, and therefore the behaviour of the material is ultimately controlled by slip 

ocnirring in a narrow region on either side of the boundaries. However, if (a) the strain 

rate is raised and the temperature lowered (as can also be the case during the unbending 

operation), andor @) precipitates are formed at grain boundaries, it has been found that 

much less strain is acwmmodated by grain boundary sliding and defonnation progresses 

almost exclusively by straining of the bulk material. With respect to point @), it should be 

noted that precipitates at grain boundaries often pin said boundaries, dowing deformation 
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to concentrate in the boundary regions where precipitate free zones frequently exist. Thus 

an effect opposite to that initially quoted can be observed. 

When steels are deformed in the two-phase region, things are, predictably, 

complicated still further. When an alloy contains two or more ductile phases, a very 

approximate idea of the alloy's overall mechanical properties can be obtained by 

calculating a weighted mean of the components, using the u le of mixtures." Thus, if we 

assume that each phase is subjected to equal stress, we can write the average strain, E, in a 

two-phase alloy, in terms ofthe volume fractions of the two phases present: 

&=&!f i  +%f~ Eq. 2.6 

wherefi andh are volume fractions, and and EI are the respective strains. However, in 

order to be able to calculate anything from this equation, we need to be know the relative 

strengths of the phases concerned. 

As was suggested in section 2.2.2.1, there is a clear strength differential between 

austenite and ferrite. This difference was observed by ~ r a y , ' 2  and is shown in Fig. 2.14, 

which plots flow stress versus temperature for an Fe-0.24Si alloy. Extrapolation of the 

curves formed respectively by austenite and ferrite shows a strength differential between 

the two phases that decreases with ,, 
decreasing temperature, as has been 

100 

calculated by ~imielli.~' Wray also found i 
a distinction in the work hardening 4 " 
coefficients, n (= d d d ~ ) ,  for the two ' 4 
phases; the n values observed were 0.14 ' , 
and 0.3 for ferrite and austenite, 

respectively. The lower value for ferrite 
O 

supports the statement made above with WJ m 

regard to the influence of SFE on O€fORYAIW)NItWRATUR€,'C 

dislocation density-recovery is easier in Fig. 2.14 Flow stress v. iemperniure /or on Fe- 

ferrite because it has a BCC atomic 0.24969 olloy showing the relative 

strengths offirrite and aus~enife.~' 
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arrangement; therefore work hardening is not as marked in this phase as it is in austenite. 

The speed of dynamic rewvery in ferrite also means that the competing softening process 

of dynamic recrystallisation rarely occurs in this phase, whereas it readily does so in 

audenite. 

Observations of  micro-hardness in deformed phases in bras6' and Ai-Mg a ~ l o ~ s ~ ~  

have s h o w  that when two phases are deformed together, the softer phase absorbs a much 

larger proportion of the strain in the early stages of straining, while f i e r  iùrther 

deformation, the phases deform to practically the same extent. This was found to be the 

case unless the volume fraction of the hard phase was less than about 30%, where the 

softer phase would take more of the deformation. In these expenments, strain was found 

to be continuous across the interphase boundary, and consequently in the early stages of 

deformation. the harder phase received more strain in this area than it did iùrther away 

from the interface and the softer phase received las.  Finally, and perhaps most pertinently 

for the present work, in an investigation that used stainless steels in the y-plus4 ferrite 

two-phase region at temperatures between 1,000 and 1,200°C, Al-Jouni and ~ellar? 

observed that the ferrite canied a significantly larger proportion of the applied strain than 

austenite when its volume fraction dropped to 30% (the lowest that they examined). It 

might reasonably be assumed that this trend would continue as the ferrite content is 

reduced iùrther. When there was more than 50% ferrite present, the authors noted that 

both phases deformed to the same extent, although the sum of the strains taken up by the 

two phases was less than the total strain applied because of the contribution of interphase 

boundary slidiig. 

2.4.2 Deformution and the Kinetics of the Austenite-&Ferrite Phase 

Transformation 

Much, but not dl, of the work that has been performed to date on the effect of 

deformation on the audenite-to-ferrite transformation has focused on its impact on the 

controlled rolling of steel. Therefore the strains and strain rates used have, in many cases, 

been much larger than those found in wntinuous casting. However, it has not been shown 

thot the mechanisms proposed for ferrite formation in these studies are invalid for the 
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lower main rates that we are concerned with here, so this related work is presented in the 

following sections alongside work that, prima facie, appears more relevant. 

2.4.2.1 Suggested Mechanhm for the Effect of Sban on Ferrite Formation 

The increase in femte nucleation rate per unit volume of austenite caused by 

deformation is the result of several factors; these include: 

1. the increase in y grain boundary surface area that results fiom grain 

elongation; 

2. the increase in the femte nucleation rate per unit grain boundaty area; 

3. the formation of additional nucleation sites such as annealing twin 

boundaries, deformation bands, cell walls, etc. 

The first of these factors is fairly self evident and requires no further explanation. 

The second and third, however, are a little more involved and hence are elaborated upon in 

the following paragraphs. 

Deformation has been shown to dramatically increase the number of femte grains 

nucleated per unit aus te~te  grain boundary a r q 6 '  and a number of explmations have been 

proposed to account for this effect, none of which necessarily operate alone. Sandberg 

and ~oberts? as a result of a study that used hot compression testing to simulate rollig 

( E  = 2 s?), suggested that deformation must produce nucleation sites on grain boundaries 

that have about the same potency as grain corners or edges. Two candidate scenarios 

were presented, one related to bulges in grain boundaries, another involving nucleation on 

subgrain boundaries with growth lirnited by precipitation ofNb(C, N). 

In the case of the former mechanism, femte was presumed to nucleate on regions 

of the aus te~te  grain boundary with locally sharpened curvature (bulges). Such 

inhomogeneities otten form as a precursor to dynamic recrystallization and the authors 

contended that they rnight appear even if the temperature were below T, (the temperature 

below which recrystallition m o t  occur); these sites were thought to be particularly 

effective in promoting femte nucleation because they are plentifil. Urnemoto et al.6" 67 

have presented a similar mechanism; in this w e  though, the inhomogeneities on the 
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austenite grain boundaries are ledges or steps as 

shown schematically in Fig. 2.15. If ferrite nucleates e 
in the corner of such a feature then, say the authors, (a) 

the activation energy for nucleation is reduced by a 

factor of around Wx, as depicted in the figure. I 

Deformation substnichires have also been 

shown to act as effective ferrite nucleation sites. 

Sandberg and Robert's latter scenario suggests that 

the growth of ferrite grains nucleated on austenite ~ ï .  2.15 

subgrain boundaries could be iimited by the strain- 

induced precipitation of Nb(C, N). Were this the 

case, then other potential nucleation sites would be 

'shielded' from dest~ction by these previously 

Ferrite k L  
Schemotic representation of 

(a) a ledge on an mistenite 

grain boundmy and (b) 

ferrite nucleotion ot such a 

ledge.- 

nucleated grains, and hence the measured nucleation rate would increase. The authors did 

not reach any strong conclusions with regard to this mechanism as the effectiveness of 

subgrain boundaries in nucleating ferrite was thought to be unclear. 

As a result of a similar investigation, although this time using a laboratory-scale 

rolling MI1, Amin and Pickering6' suggested that the multiple nucleation of ferrite at and 

near the deformed austenite grain boundaries may have resulted from a type of 

~ubstnicture. In this model, illustrated schematically in Fig. 2.16, a subgrain network is 

developed (Fig. 2.16(a) and @)) during deformation. This substmcture is finer closer to 

the austenite grain boundary because of the dramatic strain gradient present in such areas. 

Precipitates then form on this network (Fig. 2.16(c)), and it is these that act as ferrite 

nucleation sites (Fig. 2.16(d), (e) and (f)). It is notable that, in many cases in this study, 

bulges were not observed on austenite grain boundaries as had been noted by Sandberg 

and Roberts. Amin and Pickering suggested that the increased rate of ferrite nucleation in 

these areas must therefore be due to another mechanism, such as local lanice mismatch. 



24.2.2 TlicEffëctofStrainRahz 

Mintz and lonasn have examined the 

effect of strain rate in hot compression tests on 

the production of deformation-induced femte for 

strain rates of 3x10", 3x10", and 3 x 1 0 ~  s-1, 

over the temperature range 600 to 1,10O0C- 

ranges representative of those enwuntered dunng 

the unbending operation. On examination of the 

flow curves in the temperaiure region 610 to 

750°C, the authors found that at the lowest strain 

rate, the strain to peak stress decremed with 

decreasing temperature. This was shown to be 

Fig. 2.16 Schematic representation of 

ferriie nucleation al austenite 

subgrain baundaries (see tert for 

derails)." 

related to the formation of deformation induced femte at higher temperatures, and to 

spheroidation at lower temperatures; more normal stress-strain curves were found at the 

higher strain rates. Strain rate was also found to affect the dynamic recovery of fenite; the 

lowest strain rate used here allowed full recovery andlor recrystallition to occur, while 

higher strain rates did not. It was therefore suggested that raising the strain rate could 

improve the ductility of the steel by work hardening the femte and thereby reducing the 

strength differential behveen this sofier phase and the austenite. This would to some 

extent limit the strain concentration that occurs at lower strain rates. 

The effect of strain rate was also investigated by Essadiqi and ~ona.5~'. ' " who 

found that, at a given temperature, increasing the strain rate accelerated ferrite nucleation. 

They found that increasing the strain rate from 7 . 4 ~ 1 0 ~  to 7.4~10" s-1 raised the 

nucleation rate by about three orders of magnitude in a Mo steel at 800°C, and that the 

increase in femte nucleation rate was greatest when straining was applied dunng 

transformation, rather than before transformation as a 'prestrain'. They also found that 

increasing the strain rate wnsiderably improved the homogeneity of the femte 

microstnicture and led to very fine grain sizes ( ~ 2  pm). 
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Z4.23 The EJkt of Sbarbarn on the Ar, Temperatun 

Sice the Ar3 temperature is a value that expresses the hysteresis encountered in 

the austenite-to-femte transformation, any increase in the number of preferred sites for the 

nucleation of the latter phase is liely to have some effea on this figure. As was 

mentioned in section 2.2.2.1, Crowther and Mintz found, in relatively early work, that 

during deformation, thin films of femte would form above the static Ar3 and up to the 

~ 4 . ~ ~  Signüicant thickening of these films was only observed to occur below the static 

Ar,. Cardoso and ~ u e ' ~ .  also noted that thin femte films formed in steels deformed 

between the A o  and the undeformed Ar3, while Pandi and yuen " found that increasing 

the strain applied pnor to reaching the static Ar3 temperature, at constant woling rate and 

strain rate, resulted in an increase in the observed Ar3 (that applicable when the matenal 

had undergone a given amount of deformation). 



Chapter 3 

Experimental Arrangements 

3.1 Experimental Material 

ï h e  steel used in the course of this work was a C-Mn grade supplied by British 

Steel in the form of hot rolled plate. The chemical composition of this steel is displayed in 

Table 3.1. 

Table 3.1 Chemical composition (in weight %) of the experimenfal material. 

3.2 Mechanical TRFiing and Related Equipment 

Hot compression and hot tende tests were carried out using two separate 

servohydraulically actuated testing arrangements, one configured for each type of testing 

regime. The matenal used for the tooling, and the fiirnace and temperature control 
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equipment, are essentially identid for both arrangements, so these items are described 

first in sections 3.2.1 and 3.2.2, respectiveiy. However, the two testing machines diier in 

their configurations and are dnven by different wntrol arrangements; these machines are 

therefore described separately alongside the respective toolig arrangements in sections 

3.2.3 and 3.2.4. 

3.2.1 Tooling Materials 

During hot working expenments, significant parts of the tooling are often heated in 

the furnace, dong with the specimen, in order to reduce any temperature gradient in the 

sample. The matenal used for these tools must therefore be able to simultaneously 

withstand both the high temperatures and the often considerable stresses that are 

enwuntered in such environments. Candidate matenals must poçsess a combination of 

high melting point, high strength, good creep resistance and the absence of a phase 

transformation in the hot working temperature range. 

An alloy that fulfils these criteria, and has wnsequently been used in both the 

compression and tensile tooling in this work is TZM, a molybdenum-based alloy 

wntaining a dispersion of 0.5% Ti and 0.08% Zr oxides (hence the initials TZM). In 

addition to the above specifications, this alloy is resistant to recrystailiiation and 

~oftening,~'. 7s and is relatively easy to machine. However, at temperatures above 550°C 

TZM oxidises very rapidly in air and so expenments undertaken at elevated temperatures 

must be performed in an inert atmosphere; TZM has been shown to offer a long seMce l ie  

under conditions wntrolled in this mariner?' Compression tools fabricated from TZM 

have been used successfully in hot working expenments by ~imielli,6' pandin and Zarei- 

~anzaki:~ amongst many others. Similarly, tende tools made from TZM have been used 

successfully by many workers including ~ a r d o s o , ~  ~ u i l l e t ~  and ~mdel.7' 

3.2.2 Furnace and Temperature Control 

The thermal cycles employed in this work were imposed using Research 

Inwrporated radiant furnaces equipped with 16 kW power supplies and linked to Micristar 

digital wn~oller/programmers. Heat is generated in each furnace by four tungsten 
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filament lamps, and is reflected into the centre of the furnace chamber (where the specimen 

is located) by mirror finished elliptical retlectors. The controller/programmers use a 

feedback control ciraiit to maintain the desired temperature, which in this case was 

measured using a chromel-alumel (K-type) closed tip thennocouple placed in contact with 

the surface of the specimens at the centre of the gauge length. 

In order to provide the necessary inert atmosphere that was mentioned in section 

3.2.1, the specimen and anvils were, in both the compression and tensile w e s ,  enclosed in 

a quartz tube that was sealed with O-rings at either end. A continuous flow of 'prepurified 

grade' argon (99.998% pure) was injected into this tube in order to ensure a positive 

pressure of this noble gas at al1 times and therefore minimise the chance of any oxygen 

reaching the tools. 

3.2.3 Compression T d n g  Apparatus 

The compression testing apparatus (Fig. 3.1) is built around an MTS (Material Test 

System) Model 810 axial testing machine, which consists of a Ioad frame, rated at 25 kN, 

and a closed loop hydraulic power supply with a computerised control system. A 

hydraulic actuator, in this case mounted at the bottom of the load frame, generates force 

which, having been appiied to the specimen, is measured by a Ioad cell mounted at the 

upper end of the frame. Vertical displacement is measured using a linear variable 

differential transformer ( W T )  which is mounted on a shaîl that is c o ~ e c t e d  to the 

hydraulic piston; the LVDT communicates this positional information to the feedback 

control loop. Two important features of the compression tooling itself are the quenching 

lever and the sample exit, which is located in the lower O-ring. When the intended strain 

has been reached, the testing program instmcts the machine to release the load, and the 

sample can then be dislodged using the quenching lever in order that it may fall out of the 

fumace, via the sample exit, and into a waiting container of water. This happens in around 

1 s afler the end of the test and is therefore quite an effective method of 'freezing in' the 

microst~cture that existed at that t h e .  

The amputer control system is used to generate commands, record data, and 

perform real-Sime decision making d u h g  tests. It consists of a Digital PDP-11 
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microwmputer, mnning the RTll operating system, that interfaces the servohydrauiics 

through an MTS 468.20 Test Processor. The user may comrnunicate with the PDP-11 via 

a Digital VT240 terminal. Management of the hydrauiic power supply and manual 

adjustment of actuator position is perforrned using an MTS 413.81 Master Controuer. 

The mechanical testins regime used in the present work on this apparatus was 

programmecl in MTS 773 BASIC V02.09-a language vety similar to ANSI BASIC, but 

with added features that allow access to specific MTS functions. A listing of the program, 

which was written by ~arei-~anzaki:~ is included in Appendii 1. At mn-the, the 

sofhvare asks for information such as the specimen height and diameter, and the intended 

nominal stmin and strain rate. It uses these figures to detetmine the required actuator 

position for each point in the test, and to calculate the true stress and strain (see section 

Fig. 3.1 Schematic cross-section through the compression lesling 

equipment. 
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3.3.2) for output at the end of the experiment. The data displayed f i e r  the test may be 

saved to a file on the PDP-Il's floppy disk drive, and a separate program may then be 

used to transfer the data to a PC mnning DOS. 

3.2.4 TensiIe Testing Apparatus 

The tensile testing apparatus (Fig. 3.2) is built around an MTS axial testing 

machine, which rx>nsists of a load frame rated at 100 kN and a closed loop hydraulic 

power supply with a computerised control system. A hydraulic actuator, in this instance 

mounted at the top of the load M e ,  generates a force which, having been applied to the 

specimen, is measured by a load cell mounted at the lower end of the thme. As with the 

compression set up, vertical displacement is measured using an LVDT which is mounted 

on a s h f i  that is comected to the hydraulic piston. Perhaps the most important feature of 

Fig. 3.2 Schematic cross-secrion fhmugh the tensile testing equipment. 
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the tende tooling arrangement, which was designed by cardom," is the lower grip 

configuration, which allows the lower portion of the sample to exit the furnace 

immediately that fracture occurs. This allows for half of the sample to be quenched for 

subsequent metaüographic analysis, while the other half may be furnace cooled in an inert 

atmosphere so that the fracture surface remains ûee of oxide, thus facüitating later 

rnicroscopic examination. 

The control system in this case is a modem h4TS TestStar system that the user can 

communicate with via either a personal computer mnning the IBM OS12 operating system, 

or the system's ' h a d  Unit Control Panel'-a moveable, free-standing unit that allows the 

operator to control the actuator position, reset the instmmenls, and mn pre-programmed 

deformation schedules without needing to be close to the PC. 

The TestStar system allows simple deformation routines to be defined by the use of 

the machine's built-in ramping and periodic functions exclusively. However, more 

complex regimes, as are required in this work, cm only be accommodated using the 

software's 'playback' function, which allows the machine to 'playback' a previously 

prepared datafile that contains a list of times and actuator positions for the computer to 

follow. This playback facility is invoked aller the machine's in-built functions have been 

used to move the actuator so that it is in a position to begin the test proper. AU the 

information for a given test is contained in a file that the TestStar system terms a 

'procedure'. This file holds a large amount of information, including the procedure name, 

approach instructions, playback file to use, and data file options, and serves as the 

machine's overview of the test. 

The playback datafiles used this work were intended to give constant tme strain 

rate tests (see section 3.3.2), and, since smooth actuator movement requires the definition 

of a large number of finely-spaced datapoints, were generated using a computer program. 

The program, which was created by Dr T. Maccagno and is written in BASIC, asks for the 

intended strain rate and the gauge length, and then generates the appropnate set of 

numbers, which it saves in a file, ready for playback. A listing of this program is included 

in Appendii II. 
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The output datafile witten by the Teststar software after each test provides force 

and extension information, not true stress and strain, as is the case with the wmpression 

apparatus. The tende data were therefore treated using a standard commercial 

spreadsheet package in order to extract the desired figures. Instantaneous true strain, E, 

(see section 3.3.2) was calculated using: 

Eq. 3.1 

where 1  is the instantaneous gauge length, 10 is the initial gauge length and Al is the 

extension, which is al1 assumed to occur within the gauge length. Instantaneous true 

stress, q is simply the applied force divided by the instantaneous area, and was calculated 

from constant volume wnsiderations using: 

~ F ( I ,  + Al) 
ff =- 

l-bd,2 

where F is the applied force and do is the original gauge diameter. 

Eq. 3.2 

Having measured the initial gauge diameter and final fracture surface diameter, 

percentage reduction in area (%RA) was calculated using: 

Eq. 3.3 

where 4 is the fracture surface diameter. The percent elongation was not used as a 

measure of ductility because, unlike %RA, it is dependent on gauge length-the shorter 

the gauge, the p a t e r  is the fraction of the total elongation that occurs in the neck, and so 

the higher is the calculated value of percentage elongation for a given level of ductility. 

3.3 Experimental Methods 

3.3.1 Sample Preparation 

Both the compression and the tensile specimens were machined from the as- 

received plate with their longitudinal axes parallel to the rolling direction. The 



compression specimens were cylidrical and measured 11.4 mm high by 7.6 mm in 

diameter-giving an aspect ratio of 1.5, which has been shown to promote homogeneous 

deformati~n.~ 

The dimensions of the tensile specimens were, of course, a little more complicated 

and are illustrated in Fig. 3.3. The gauge length of these samples was 16 mm and the ratio 

of gauge length to diameter was 4:1, as is specified in the ASTM standard for tensile 

specimen preparation.w However, the ASTM standard assumes that the reduced diameter 

section is somewhat longer than the gauge length and that the gauge is distinguished by the 

use of an extensometer-an operation that is very difficult in the w e  of high temperature 

testing and that consequently has not been attempted here. In these tests, therefore, the 

gauge is assumed to occupy the entire length of the reduced section. The result of this is 

that, while the aspect ratio has been preserved, some inaccuracies will have been incurred 

due to the complex stresses that will have been present at the ends of the gauge length, 

where the sample would ideally have been in uniaxial tension. 

During the compression tests, thin sheets of mica (50 to 80 pm thick), separated 

by a layer of boron nitride powder, were placed between the faces of the compression 

specimens and the anvils in order both to maintain uniform deformation, and to avoid 

quenching problems due to sticking. The loaded surfaces of each tende sample were 

lubricated in the same way, although in this case the reason for the lubrication was purely 

one of preventing the sample from sticking to the grip and thereby evading an immediate 

quench upon fracture. 

Fig. 3.3 Tensile specimen conpguration, dimensions in mm. 
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3.3.2 Constant True Strain Rate Testing 

Al1 the mechanical tests that were undertaken as part of the present work were 

performed under constant m e  strain rate conditions. Processes that occur in metals 

dunng high temperature deformation are rate sensitive, so testing at constant crosshead 

speed (Le. varying true strain rate) complicates matters considerably. Below is a brief 

explanation of what is meant by true strain, and how in genri-ai terms a deformation 

schedule incorporating constant true strain rate may be created. 

In uniaxial deformation processes that involve only smail changes in a specimen's 

dimensions, it is sufficient to express the degree of the deformation in engineering strain, 

e, Le. as the change in length referred to the original length: 

Eq. 3.4 

where 1 is the instantaneous gauge length, Al  is the change in gauge length, and L is the 

original length. One can see that a constant engineering strain rate would require a 

constant crosshead velocity. However, the above theory bewmes less valid as the degree 

of straining is increased; in these situations a second way of expressing strain is required, 

that of true strain, &. According to this definition of strain, the change in length is referred 

to the insicmkmeous gauge length, nther than the original length; since the instantaneous 

gauge length is constantljr changing, these values must be summed by integration: 

Eq. 3.5 

Eq. 3.6 

Differentiating Eq. 3.6 with respect to t h e  and rearranging, we can obtain an expression 

for the crosshead velocity in terms of the instantaneous gauge length and the true strain 

rate, E : 
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Eq. 3.7 

However, we need to be able to tell the testing machine where to put the crosshead at a 

given juncture, so we must integrate Eq. 3.7 with respect to time. By first substitutmg for 

1 fiom Eq. 3.6, then remenibenng that & = r i ,  and hally integrating and simpligng, we 

obtain: 

1 = 1, a<p(rq ~ q .  3.8 

S i c e  wmputers cannot deal diiectly with wntinuous functions, the time for the test must 

be split into increments and a calculation performed for each of these; hence a list of times 

and positions can be generated, using Eq. 3.8, for the actuator to follow. 

As was explained in sections 3.2.3 and 3.2.4, the two computer wntrol systems 

used in this work deai with these datapoints in slightly different ways. Nevertheless, the 

theory behind the generation of these points is identical, as outlined in the preceding 

paragraphs. 

3.3.3 Thermal Cycles and Deformation Schedules 

The thermal cycles and deformation schedules imposed during the compression 

phase of this work, which was largely wmpleted prior to the present author's involvement, 

were intended to allow examination of the effect of prior austenite grain size, degree of 

underwoling, strain rate, and degree of straining on the formation of DIF. Static tests 

were also performed, by the present author, using the same compression specimens and 

the same apparatus as used in the compression tests proper, in order to allow comparison 

of the static and dynamic cases. 

The thermal cycles used are illustrated in Fig. 3.4. The samples were first heated to 

either 920 or 1,200°C to give fine (25pm) or coarse (200pm) austenite grain sues, 

respectively; the heating rates employed were 5 minutes to reach 600°C from ambient 

temperature, and then a further 15 minutes to pass fiom 600 to 920 or 1,200°C, depending 

on the particular experiment. Samples were held at these soaking temperatures for 15 

minutes and then cooled at 1°C s" (a rate similar to the mean found in continuous casting) 
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to test temperatures ranging from 760 to 

l,OOO°C. At this point they were held ,2, 

for 5 min to allow the temperature 

throughout the specimen to equalise, and 
Y . . . . . . . . . . ..4-80093 

then deformed and finally quenched. For f a  
rasons that will be explained c 

momentarily, most of the tests were 

performed between 760 and 840°C. In O 20 40 UJ 80 IW 
T h m h  

the case of the static tests, samples were 

held at test temperatures for times Fig. 3.4 Schematic diagram of the thermal cycles 

equivalent to those encountered in the employed. 

dynamic tests, and were subsequcntly 

quenched in the same manner. 

The A q  temperature for the steel under investigation, evaluated using the 

ThermoCalc program,8' was 841°C. The (undefomed) Ar, temperatures, under 

conditions similar to those used here, for two similar steels used in previous work were 

744 and 735T."'. " It was assumed that the present material would exhibit similar 

properties in this respect and it is for this reason that the majority of mechanical tests were 

carried out at temperatures between 760 and 840°C-since deformation induced femte 

would be expected to form in this temperature range. The equilibrium volume fractions 

across the range of testing temperatures, again evaluated using the ThermoCalc program, 

are displayed in Table 3.2. 

Table 3.2 Calnilaled equilibrium volume/ractiow of/errite avoss the range of lesting temperatures." 

Temperature, OC 

Volume fraction femte, % 

840 

O 

820 

0.22 

800 

0.43 

780 

0.58 

760 

0.68 
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Compression specimens were strained at constant tme strain rates of 3x10'2, 

3x105, and 3 x 1 0 ~  S-' to final nominal tme strains of 0.05, 0.15, 0.4, and 0.8, and were 

quenched at the end of each test using the arrangement described in section 3.2.3. 

The tensile portion of this work was intended to allow the Uiformation gaineù on 

the development of DIF dunng compressive straining to be related to the tensile hot 

ductility found in the same steel under similar conditions. Tensile specimens were 

subjected to the thermal cycle designed to produce a coarse pnor austenite grain size 

(please see next section for explanation as to why the fine-grained cycle was not included). 

The samples were then strained at the same strain rates as riiose used in compression until 

failure, whereupon, as was descnbed in section 3.2.4, the bonom half of each specimen 

was quenched, while the top half was furnace cooled in preparation for fractographic 

examination. 

3.3.4 Temperature Control Problems During Tensile Testing 

When the initial tensile results were plotted, few clear trends were evident in the 

data, and us a result, a careful check of the experimental conditions was performed. Three 

thermocouples were positioned at the same location in the furnace used for tensile testing, 

and the furnace was heated to around 800°C using its manual controls. The readings fiom 

these three thermowuples were then checked against each other in order for the error at 

this temperature to be calculated. The average of the three readings was taken to be the 

'actual' temperature. It was found that the thermocouples agreed to i 5OC at this 

temperature; the error for each was recorded. A tensile sample was then placed in the 

furnace, and the thermocouples fixed at the top, middle and bottom of the gauge length. A 

number of thermal cycles were then mn, using the central thennocouple to control the 

furnace, in order to assess temperature differences across the sample as each test 

progressecl. It was found that, with the original set-up, the temperature variation across 

the sample wuld be as much as 50°C at 840°C, making the previous tests essentially 

meaningless. 

A number of steps were taken to rectify this situation. First, the cooling system 

was modied to allow the cooling water tiow rate to the grips to be varied; the object of 
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this was to allow the grips to wann up, and thus reduce the thermal gradient dong the 

length of the furnace. Second, the sample was raised in the furnace by using an extension 

to the bonom grip. These two meanires reduced the problem, but did not remove it; it 

was therefore further decided to reduce the specimen gauge length by haK This final step 

brought the thermal variation across the sample down, at worst, to around * g°C, which 

was wnsidered acceptable. Note that the specimen dimensions presented in Fig. 3.3 

earlier in this chapter are those anived at ajter the aforementioned changes had been 

made. 

The fine grained specimens initially tested in tension showed no sign of a ductility 

trough, and based on this fact, and on the fact that large amounts of femte had been 

present in the fine grained compression specimens, it was considered that samples with fine 

austenite grains would be uniikely to exhibit a significant trough, even when tested at the 

intended temperature. Due to a lack of material, it was therefore decided that it would be 

suffcient to repeat the tensile tests only for the coarse grained scenario. 

3.4 Microstructural Znvestigation 

3.4.1 Metallograpltic Preparation 

Compression samples were sectioned at their centres, and tensile samples dong the 

tensile axis, using a thin wafenng blade where necessq. Both were mounted in Bakelite 

and ground in the normal manner beginning with 60 and finishing with 600 grit silicon 

carbide paper. Polishing was performed using 6 pm diamond paste followed by 0.5 pm 

alumina powder, at which point al1 specimens were etched using 2% nital. In m e s  where 

it was difficult to distinguish the femte from martensite, Marder and Benscotter's ragent 

(10 g sodium metabisulphate in 100 ml of ~ a t e r ) , ~  which enhances wntrast between these 

two phases, was used aller the nital etch. 

3.4.2 Quantitative Metallography 

Samples were examined using the Lew 2002 image analysis equipment as a means 

of producing an image on a screen. Pnor austenite grain size was then measured using the 



Chapter 3 Erperimental Arrangements 51 

mean linear intercept method, whereby the number of grain boundaries intercepted by a 

line of a specified length placed randomly on an image of the microstructure is wunted. 

This procedure is described in ASTM standard E-112." Ferrite volume fraction was 

measured by point counting:') fifteen fields of 25 points were counted, giving a total wunt 

of 375 points. These analyses were aü done by hand, because it was found impossible to 

get repeatable results using wmputerised image analysis equipment, given the often similar 

shading of femte and martensite. 

3.4.3 Fractography 

Fractography was performed on the portions of the tensile samples that had been 

allowed to cool to room temperature in argon (see section 3.2.4) using the IEOL JSM- 

840A scanning electron microscope (SEM). The microscope was operated in the 

secondary electron mode with an accelerating voltage of 10 kV and a working distance of 

48 mm." Extended working distances such as this give maximum depth of field, which is 

paramount when viewing fracture surfaces. 

Samples were prepared by discarding d l  but the portion of the specimens within 

about 15 mm of the fracture surface. These samples were then mounted upright on the 

microscope's bras sample holder using double-sided carbon tape, ensunng good contact 

so as to avoid charging of the sample. Fractographs were taken at magnifications varying 

eom 200 to 5,000~ using this arrangement. 



Chapter 4 

Experimental Results Part 1: 

The Formation of DIF 

For convenience, the results are presented in two separate chapters. The present 

one covers the factors that influence the formation of deformation induced femte, while 

second de& with the effect that DE has on the tensile hot ductility. This chapter contains 

results from both static transformation and compression tests and attempts to trace the 

effects of factors such as test temperature and strain rate on the austenite-to-ferrite 

transformation. Chapter 5 contains tensile hot ductility results obtained using the same 

thermal cycles and strain rates as were used in the compressive case. This second chapter 

presents ductility curves alongside both qualitative and quantitative microstmctural 

observations. 

4.1 Static Transformation Tests 

In order to provide a baseline against which to compare the results from the 

dynamic tests, a significant number of compression specimens were subjected, without 
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deformation, to thermal cycles identical to those used in the tests in which strain was 

applied (see section 3.3.3). The results of these 'static' experiments are presented below. 

The heat treatments performed at holding temperatures of 840 and 800°C yielded 

no femte, even when specimens were held at temperature over time periods several hours 

in excess of the 2,940 s taken by the longest dynamic test (carried out to a strain of 0.8 at 

3 x 104s1, including the 300 s holding penod). The ferrite volume fraction is therefore 

ploned against holding t h e  in Fig. 4.1 only for the case of the specimens treated at 760°C. 

Avrami-type equations were used to draw curves through the datapoints. 

It can be seen From the figure that reducing the pnor austenite grain size 

accelerates the kinetics of the austenite-to-femte transformation-i.e. the curve is moved 

to shorter times. In either case, though, it takes in excess of 10,000 s (about three hours) 

to approach equilibnum. It is also quite clear that there is significantly more scatter in the 

fine than in the coarse grained results; this trend was observed consistently in both the 

static and compressive results, and is discussed türther in section 6.1.1. 

1,000 

Timc. seconds 

Fig. 4.1 Dependence offirrite volunie/roction on holding lime under static conditions. 
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Examples of the microstmctures found in specimens subjected to static heat 

treatments are presented in Fig. 4.2. As has been mentioned, samples held at 840 and 

800°C contained no femte; hence a purely martensitic structure was found upon examinhg 

these specimens aRer quenching. Such a structure is illustrated in Fig. 4.2 (a). As has also 

been mentioned, at a test tcmperature of 760°C, significant amounts of femte were 

observed in both 6ne and coarse grained samples aller the 1,800 s holding time applied to 

each of the sarnples depicted in the figure. Figs 4.2 @) and (c) show, respectively, the 

microstmctures of couse and fine grained samples treated at 760°C. One can perhaps 

most easily see from Fig. 4.2 @) that, under static conditions at this level of undercoolmg, 

the femte colonies form exclusively at grain boundaries, and particularly at triple points. It 

is also notable that there is a substantial variation in femte grain size, a phenomenon that 

indicates the presence of different types of nucleation site, exhibiting different levels of free 

energy. 

4.2 Compression Tests 

Before presenting the compression test results, the author would like to draw 

attention to the fact that the majority of the test data to be presented in this section were 

provided by Professor B. Mintz of The City University, London, England. The present 

author repeated several of these experiments in order to wnfirm the results, and performed 

the plotting and presentation ofthe data as they i?re seen below. These results are supplied 

as part of this thesis because the data from the static and tensile experiments performed 

subsequently do not stand alone, and are most valuable when viewed in the light of the 

compression tests that went before. 

4.2.1 Compressive Flow Curves 

The first piece of evidence gained from a hot compression test is the flow curve. 

Much information can be derived from the shapes of these curves; this section outlines 

some of the trends observed during the course of this work. 
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Fig. 4.2 Microshrcfures of unslrained samples held for 1800 s: (a) Jne groined somple held at 

800°C, (bJ and (c) course ondfine groined samples held of 760°C. 
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Provided the applied strain was sufficient to reveal enough of the flow curve, al1 

the compression sarnples displayed true stressktrain plots similar to those shown in Fig. 

4.3. It can be seen that the stress increases to a maximum in each case and then falls as 

further strain is applied. It can also be seen that there is an appreciable effect of strain rate, 

both before and afier the peaks-increasing the strain rate significantly increases the flow 

stress at al1 points on the curves. 

The existence of one or more maxima in compressive flow curves signifies the 

action of at least one softening mechanism. Softening mechanisms are important in the 

present work because they interfere with a material's ability to retain work hardening, and 

therefore inîiuence the point at which plastic instability sets in in tension. This has a 

significant effect on tende ductility. The initiation of softening processes is always 

dependent on the conditions (e.g. temperature and strain rate) imposed in a given 

expenment; as the subject is quite involved, the variation of peak stress with temperature, 

strain rate and pnor austenite grain size is plotted and the resulting curves considered in 

detail in section 6.1.2.2, as part of the Discussion. 

4.2.2 Metallographic Investigation 

Metallographic samples were prepared from the static and compression specimens, 

as per the procedure described in Chapter 3, and both qualitative and quantitative 

observations were made. These are presented below. 

4.221 General Observations: Course Grained Samples T&ed in Compression 

At 840°C at the lower strain rates examined, small volume fractions (p. 4%) of 

deformation induced ferrite were found in the coarse grained specimens; ferrite colonies 

were in the form of continuous bands decorating the prior austenite grain boundaries (Fig. 

4.4). While no ferrite formation was observed at the highest strain rate, decreasing the 

strain rate from 3 x  lr3 S.' to 3 x 1 0 ~  S.' resulted in a thickening of the bands found at these 

lower rates of deformation (Fig. 4.5). 
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Tnie stroin 

160, 

O 0.1 02  0.3 0.4 0.5 0.6 0.7 0.8 

T N ~  stroin 

Fig. 4.3 Typicolflow cuwesfor (O) course grained specimens fesfed of  760°C and 14) fine grained 

specimens fesfed of  800°C, ot eoch of the fhree sfroin rafes exmined. 
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Fig. 4.4 Formation ofthin continuous bonds ofDIF at the nustenite groin boundories. (Coarse 

grained specimen tested or 840°C al 3x10' 8.) 

At 800°C, femte bands were found at al1 three strain rates, while reducing the rate 

of deformation at this temperature again resulted in a thickening of the bands. This may be 

seen fiom Table 4.1, which displays the changes in grain boundary femte film thickness in 

the coarse grained case under various conditions. It is notable that at this temperature, 

thin films of femte were observed afler nominal tme strains as low as 0.05 at the lowest 

Fig. 4.5 Effect of slrain rate on theformation of D1F. (Course grained samples fesled at 760°C and 

sirained to 0.4 ot strain rates of (a) 3x10' and (4) 3x10' S.'.) 
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Table 4.1 Thickness of ferrite of  the ygrain bounduries in the course groined steel. 

ïhickness of Cemie band, pm+ 

Temp, "C 

MO 

8M) 

760 

25.0 NV' Mr' 

Suain Rate, .i 

3x105 S.' 

3 x 10.' 5' 

3x10. '~'  

3x10~ S.' 

3x1045' 

3x105 5'' 

3% 10'' s" 

+ Allowana has been made for compressive spread for sWains > 0.15. 
* Value not taken, as > 25% femte can no longer be regardcd as a film. 

strain rate. This agrees with previous observations~ which indicate that thin films of 

ferrite can form in coarse grained steels at the low strains that are found in the 

straightening operation. 

Samples tested at 760°C contained thicker bands than those tested at the higher 

temperatures; extensive growth of this second phase had also occurred at triple points. At 

the lowest strain rate, subgrain formation was apparent, indicating that a considerable 

amount of recovery had occurred within the femte. 

4.2.2.2 General Observations: Fine Grained Samples Tested in Compression 

At temperatures above 82S°C, metallographic examination revealed the presence of 

very srnall amounts of DIF in the fine grained material, formed mostly at triple points. 

Straining at a rate of 3xl$ s" to 0.4 produced 5% ferrite, where defonning to the same 

degree at 3x10~s" yielded 12% ferrite. At 800°C, however, deformation produced 

equilibrium volume fractions of ferrite d e r  strains of as little as 0.15 at the lower strain 

rates tested. In cases in which equilibrium was not reached so quickly, increasing the 

strain and decreasing the strain rate, as in the coarse grained case, led to larger amounts of 
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femte. Raising the strain rate also generally refined the femte structure, but the changes in 

grain size were small. Table 4.2 shows the intluence of strain and strain rate on the femte 

grain size in the fine grained condition. 

Refemng to the table, it can be seen that finer femte was formed at 800 than at 

760°C. This observation tallies with the work of Essadiqi and ~onas?' who suggested that 

the refinement found at higher transformation temperatures is due to the larger amount of 

deformation applied to the y before transformation begins, resulting in a higher density of 

femte nucleation sites. Refemng again to Table 4.2, it is clear that the level of straining 

imposed also had an effect on the femte grain size at 800°C, ifnot on that found at 760°C. 

Straining to E = 0.8 at 800°C caused a refinement in femte grain size; the refined grains 

contained no substructure and were therefore probably the products of recrystallization. 

At 760°C, at most only partial recrystallization took place; under these conditions, no 

overall refinement was observed as the strain was increased, see Fig. 4.6. 

4.2.2.3 Influence of Grain Sire, Strain Rate and Temperature on the Amount O/ 

Ferrite Formed in Compression 

The effect of grain size, strain rate and temperature on the amount (Le. volume 

fraction) of femte formed for nominal strains of (a) 0.15, @) 0.4 and (c) 0.8 is illustrated 

in Fig. 4.7. The equilibnum volume fraction curve is also shown in each of these figures. 

Refemng to the graphs, it was consistently found that reducing the test temperature (Le. 

increasing the undercooling), al1 other things being equal, increased the amount of ferrite 

formed. This effect is easiest to see in the coarse grained samples, as the ferrite volume 

fiaction in these cases does not approach equilibnum as quickly as in the fine grained case. 

The effect of temperature was non-linear-the gradients of the curves increase with the 

degree of undercooling. 
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Table 4.2 Injuence of strain and strain rate an the arguenched fem& grain sire in the fine grained 

samples. 

(a) 800°C 

I Grain si%. pm 
1 

Strain E 

@) 760°C 

I Grain six, pm 

Strain nie & . il 

Strain 6 

S h n  nie & . s" 0.15. 

3 x 10" 9' 
3x10'~ s" 10 

*Grain size has becn correctcd for compressive spread. 

0.15 0.4 0.8. 

Fig. 4.6 (a) Recrystallized~érrite grains produced by slraining la 0.8 at 3xJu' s" of 800°C. (b) 

straining of 760°C, al1 else being equal. does natproduce recrystallizatian. 

3x10~s~' 8' 4.0 
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7m 7~ 770 IM m m rto am IN M 

Temperature. 'C 

Eflect ofgroin size, strain role ond lemperature on the volume fraction of ferrite formed ot 

stroins o/(o) 0.15, 0) 0.4 and (c) 0.8. 
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From the graphs it can also be seen that reducing the grain size, in each case, 

signüïcantly increases the amount of ferrite formed at a given temperature. The greatest 

difference between the coarse and fine grained samples appears at the lower strain rates 

( 3 x 1 ~ ~  S-' and 3x10" S-') and at the lowest strain (0.15). Under these conditions, one 

might expect grain size to be a particularly important factor as very little strain has been 

applied. 

Increasing the strain rate, ali other things being equal, was found to reduce the 

ferrite volume fraction; this effect can be attributed to the reduction in the time available 

for the transformation that accompanies an increase in strain rate. In the fine grained case, 

the effect of strain rate was most significant at the lowest strain for deformation at 800aC. 

However, one might hesitate to draw conclusions from this as it must be borne in mind 

that, at higher strains, equilibrium is being approached and therefore the reaction will 

inevitably slow, regardless of the effect of strain rate. 

4.2.2.4 Influence of Strain on the Amount of Fernote Formed During Compression 

The dependence of ferrite volume hction on applied strain for test temperatures of 

800 and 760°C is shown in Fig. 4.8 (a) and @), respectively. It cm be seen from these 

graphs that, in the fine grained material, volume fractions mcved very quickly towards 

equilibrium as the strain was increased. At the lower strain rates, equilibrium was reached 

in this materiai d e r  less strain at 800 than at 760°C, a fact that c m  be attributed to some 

extent to greater straining of the parent material before the start of transformation at this 

lower level of undercooling. In the case of the highest strain rate, equilibnum volume 

fractions are reached more quickly at 760°C, which c m  be explained by considering the 

growing effect of t h e  and the lessening effect of 'predeformation' of the austenite lattice 

as the amount of undercooling is increased. 

In the coasse grained material at 800°C, little ferrite was formed beyond the thin 

films mentioned in section 4.2.2.1; the femte did not progress very far into the austenite 

matrix. At 760°C, volume fractions approaching equilibrium levels were only obtained at 

the lower strain rates. It is notable that, at higher strains at this temperature, ferrite was 

found to nucleate within the matrix, as well as at the grain boundaries. 
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Fig. 4.8 Dependence offirrite volumejrBction on sirain ut (a) 800°C and fi) 760°C in lhejine ond 

course groined malerials. 
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4.225 Influence of Time on the Amount of Fememte Formed in Loth the Static and 

Dynamic Cam 

By converting the relevant pairs of strains and strain rates into times, it is possible 

to plot the ferrite volume fraaion found in the samples as a tünction of deformation time 

for the dynamic expenments. Such curves are ploned for test temperatures of 760 and 

800°C in Figs 4.9 (a) and @), respectively. The static data originally plotted in Fig. 4.1 are 

included in Fig. 4.9 (a) for comparison purposes. In order to identify trends in these 

graphs without making them unnecessarily complex, the data denved from the dynamic 

tests have been grouped according to pnor austenite grain sue, and the curves are drawn 

through these 'extended families' of points. As in the case of the static data, the curves 

are based on Avrami-type equations. 

Retuming to the figures, the first observation must be that there is significad 

scatter around the curves plotted through the eniarged data sets. This scatter is, as has 

been consistently the case in the present work, worse in the data derived fiom the fine 

grained samples. However, the fact that one c m ,  with some courage. plot single lines 

through data sets linked ody by pnor austenite grain size suggests that the amount of 

strain and the rate at which it is applied are not the most cntical factors. Rather it seems 

that, for a given temperature, pnor austenite grain sue, time, and whether or not the 

sample is being deformed are the more important parameters. 

It should be noted that the four dynamic curves illustrated in Fig. 4.9 were obtained 

by essentially "averaging" the expenmentai points pertaining to three strain rates. It is 

nevertheless apparent that the approximated curves applicable to individuul strain rates 

form families in which increasing the strain rate increases the kinetics of the transformation 

by about one order of magnitude. This effect can be compared 6 t h  that of the application 

of concurrent straining, which leads to an average acceleration of 2 orders of magnitude in 

the coarse grained case and 2 '/1 orders of magnitude in the fine grained case. 
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Tirne, seconds 

1 10 100 1 .000 10,GQO 

Time, seconds 

Fig. 4.9 Influence of lime on the fornolion of D I F  in course andjine groined smples lesied ot (O) 

760°C and (b) 8OO0C. 
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Beginning with Fig. 4.9 (a), it can be seen that concurrent deformation has a very 

significant effect on the kinetics of the austenite-to-femte phase transformation at both the 

grain sizes examined-the curves are moved to shorter times by some two or more orders 

of magnitude. It is also evident from the curves that grain size has quite a signifiant effect 

on the rate of transformation during deformation. Equilibrium is reached after perhaps 

100 s in the fine grained case, at which point the coarse grained material only displays 

around 60% of the equilibrium volume fraction. 

At 800°C (Fig. 4.9 @)), austenite grain size has an even more powerhl effect on 

the transformation. M e r  100 s, femte formation in the coarse grained matee?? was found 

to have slowed almost to a halt, with only 30% of the equilibrium amount present. In the 

fine grained material, on the other hand, at 500 s equilibrium was steadily being 

approached, and was reached in around 800 S. While the curve depicting the fine grained 

scenario resembles ihose shown in Fig. 4.9 (a), albeit moved to longer times (presumably 

due to a smaller driving force for the transformation), the curve plotted through the coarse 

grained datapoints is drarnatically different. Initially rising as might be expected, it 

suddenly levels off, and remains almost flat over the range of times covered by these 

experiments. This phenornenon is considered in more detail in section 6.1.2.4. 

4.2.2.6 Dynamic Transformation-Temperalrrre-TNne Diagrams 

The results displayed in the previous section can be conveniently summarised on 

dynamic transformation-temperature-time (Dm) diagrams. Such diagrams are presented 

in Fig. 4.10. For the fine grained, deformed case, lines are ploned for 5 (Fig. 4.10 (a)) and 

95% (Fig. 4.10 @)) transformed. However, because of the limitations imposed by the 

available data, this range could not be covered in the other cases. In the deformed, coarse 

grained material, and in both the undefonned scenarios, the upper limit is 30% 

transformed, as transformation was not observed to progress beyond this point during the 

current work in these cases. 
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The. scconàs 

Fig. 4.10 Dynomic ïTî diagramsfor Ihe/amation afde/ormation induced/errite/rom jine and 

coarse grained mistenite. 
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While displaying much nf the same information as was presented in Fig. 4.9, Fig. 

4.10 demonstrates more emphatically the dramatic effect of deformation on the austenite- 

to-ferrite transformation. As stated in the previous section, deformation accelerates the 

transformation by about two and a half orders of magnitude. This is why DIF appears 

dunng the approximately 10 to 100 seconds available during straightening, while it is not 

at d l  possible for static ferrite to form (Le. because the latter only appears afier about 

1000 s of holding at about 780°C). Grain size is also a significant factor in samples 

examineci with and without deformation. 



Chapter 5 

Experimental Results Part 2: 

The Effect of DIF on Hot Ductiliiy 

5.1 General Notes 

The author would like to point out that, as descnbed in Chapter 3, it was initially 

intended dunng the tensile part of this work to repeat al1 the thermal schedules that were 

examined as part of the compression testing phase. However, because of the suspect 

results obtained early in the tensile programme, changes were made to both the specimen 

dimensions and the testing set-up in order to reduce the thermal gradients found dong the 

gzuge lengths of the samples. Limitations regarding the amount of material available for 

re-machining meant that it would not be possible to repeat al1 of the thermal schedules 

used previously. It was therefore decided to concentrate on the coarse-grain thermal 

treatment (see section 3.3.3) as, based on the compression test results, this was by far the 

most likely to produce ductility problems. 
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5.2 Tensile Flow Cumes 

As with the compression test, the first piece of evidence gained from a tensile test 

is the flow curve; the curves obtained in the tensile part of the present work are plotted in 

Fig. 5.1. Referring to the figure, it is quite clear that there is a very significant effect both 

of strain rate and of test temperature on the shape of each of the plots. Increasing the 

strain rate increases the flow stress at al1 points of al1 the curves, as was the case with the 

compression specimens. The relative magnitude of this effect is consistent at al1 three 

temperatures examined. 

The samples tested at 840°C (Fig. 5.1 (a)) provided plots that nse quite smoothly 

to a peak and then fall in a similarly even mariner. Raising the strain rate at this 

temperature moved the point of fracture to larger strains, although it should be noted that 

afier the onset of necking, the strain as measured by the LVDT (see section 3.2.4) is no 

longer true strain. Overall, the largest extensions to failure were recorded at this 

temperature. 

The flow curves produced by the simples tested at 800°C (Fig. 5.1 @)) are highly 

self-similar, as were those produced at 840°C, but are quite different from the curves 

produced at the higher temperature. There is a similar nse to a maximum, but the 

subsequent drop is very abrupt, the stress decreasing very quickly. At 800°C, increasing 

the strain rate moves the measured strain to fracture to greater values; this effect is far 

more significant at 800°C than the similar effect encountered at 840°C. It is notable that 

the peak stresses found at 800°C are not significantly greater than those achieved at 

840°C-in fact the peak stress at the lowest strain rate at 800°C is slightly lower than that 

found at the higher temperature. 

The curves produced at 760°C are once again self-consistent, but very distinct from 

those found at the higher temperatures. Each of these plots exhibits an extensive 'plateau', 

dong which there is very little variation in flow stress. As with the curves generated at 

800°C, the drop in flow stress leading to failure is abrupt. At this temperature, strain rate 

seems to have less of an effect on measured strain to failure-in this case the points of 

fracture are quite closely packed. 
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Fig. 5.1 Tensileflow curves obiained at (O) 840, (4) 800 ond (c) 
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5.3 Ductility Beltaviour 

As was explained in Chapter 3, in this work, percent reduction in area is taken to 

be a measure of tensile hot ductility. The three hot ductility curves obtained from the 

present tensile tests are plotted in Fig. 5.2. 

Samples tested at 840°C at the two higher strain rates exhibi.cd very good 

ductility, with reduction in area approaching 100%. At the lowest strain rate of 3 x 1 0 ~  5'. 

however, relatively poor ductility was found. Decreasing the temperature to 800°C caused 

a marked decrease in ductility at al1 three strain rates. The largest drop occurred at the 

middle strain rate, a decrease of some 60%, while at a rate of 3x10'" a', the drop is some 

20%. Decreasing the temperature further to 760°C resulted in an improvement in ductility 

in every case, although the values are still not up to the levels found at 840°C. At this 

lower temperature, the ductility levels found at each strain rate were quite similar. 

740 760 780 800 820 M O  860 

Tempcmturc. O C  

Fig. 5.2 Tensile ho1 duclilily aver the lemperalure range 760 Io 840°Cjor the ihree simin rates 

examined. 
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Taken together, these curves show that the steel under investigation exhibits a 

ductility trough at al1 strain rates examined. The depth of this trough decreased as strain 

rate increased, while its width was impossible to determine from the present data as its 

lower limit appears to extend below the minimum temperature tested. 

5.4 Metallographic Exalnination 

5.4.1 General Observations 

None of the samples tested at 840°C showed any measurable amount of ferrite 

upon microscopie examination-a purely martensitic structure was observed (see Fig. 5.3 

(a)). Samples strained at 800°C, however, yielded mcasurable volume fractions, 

particularly at the lower strain rates (Fig. 5.3 @)). At this temperature, nucleation was 

observed to occur mostly at the austenite grain boundanes, although some intragranular 

nucleation was also noted near the fracture surfaces. In cases where any significant 

amount of ferrite was present, failure was observed to occur in the bands of the second 

phase that had formed dong the austenite grain boundanes. The thickness of the ferrite 

bands increased with decreasing strain rate, and therefore with increasing time at 

temperature. It was not obvious that any substmcture had formed in the femte in the 

samples tested at this temperature. 

Samples tested at 760°C were found to contain large quantities of ferrite: at the 

slowest strain rate, around 85% of the equilibnum volume fraction was present. The prior 

austenite grains appeared to be quite elongated along the tensile axis and were surrounded 

by thick bands of femte. At al1 strain rates, there appeared to be a large variation in ferrite 

grain size in the most heavily deformed areas near the fracture surface; this is apparently 

the result of partial recrystallization (Fig. 5.3 (c)). 
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h p l e s  of the microstructures found in the tensile ~amples. Tests peflonned nt (O) 

840°C. (b) 800°C and (c) 760°C al a sfroin rate o/3x1iT3 i'. 
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5.4.2 Eflect of Tensile Tést Parameters on Ferrite Volume Fraction 

In the tensile portion of this work, the independent variables were test temperature 

and strain rate. The effect of strain rate on femte volume fraction over the temperature 

range examined is illustrated in Fig. 5.4. The curves depicted in the figure follow a form 

similar to that observed in the coarse-grained compression case (see Fig. 4.7), increasing in 

gradient as the temperature is decreased. Also similar to the compressive case is the fact 

that reducing the strain rate increases the volume fraction of femte formed: some 90% of 

the equilibrium value was found at 760°C at the slowest strain rate, where only 35% of 

that figure was produced at the highest strain rate. It should be borne in mind that, 

because of the strain inhomogeneities that are encountered in tensile tests, these figures 

cannot be wmpared directly with those obtained in compression. 

It is also important to remember that, in the tensile case, one is not comparing like 

with like in terms of strain. For example, at 800°C, the measured strain to fracture 

(bearing in mind that this is not the uniform elongation) at a strain rate of 3 x 1 0 ~  S.' was 

Fig. 5.4 Efect of stroin rate and temperoture on thefiite volumefioctionjonned in tension. 
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around 0.35, whereas at 840 and 760°C it was more in the region of 0.55. This factor, and 

how it relates to the ductility of the sample in question, is wnsidered firther in the 

Discussion. 

5.4.3 Fractography 

The infiuence of the tensile test parameters on the ductility behaviour of the steel 

under examination was considered in Section 5.3. It is not surprising then that these 

parameters also have a significant effect on the fracture surface produced by testing to 

failure. 

Fractographs of specimens tested at a strain rate of 3x10" S-' at each of the three 

temperatures examined are presented in Fig. 5.5. The samples tested at 840°C al1 

exhibited fracture surfaces similar to that s h o w  in Fig. 5.5 (a), characterised by large 

voids (10-50 Pm wide). Decreasing the strain rate increased the average size of the voids, 

such that at the slowest strain rate, they were in excess of 80 pm wide. This kind of 

fracture surface is indicative of a high temperature ductile rupture mode and is ofien found 

in the single-phase austenite region; it is normally associated with good ductility. The 

voids are thought to have developed from intergranular cracks which, as deformation 

proceeds, distort and elongate until failure occurs by necking between these already- 

separated areas. While the samples tested at the two highest strain rates did exhibit 

excellent ductility (see Fig. 5.2), the sample tested at 3 x 1 0 ~  S.' only produced a %RA 

value of some 60%, which cannot be wnsidered to be particularly good. No qualitative 

difference beyond that already mentioned could be seen between the fracture surface 

obtained at 3 x 1 0 ~  S.', and those found at the higher strain rates. 
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Eromples of tensilejrociographs. Samples tested ot (a) 840, (ô) 800 and (c) 760°C nt o 

slroin rote of3 x 1 O) S.'. 
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Ali ofthe samples tested at 800°C exhibited relatively poor ductilities, ranging from 

35 to 60 %RA. The largest reduction in area was exhibited by the sample tested at the 

highest strain rate; this sample contained less than 2% ferrite and yielded a fracture surface 

similar to those found at 840°C. The fracture surfaces of samples tested at the lower strain 

rates, however, appeared very different (Fig. 5.5 @)). Measured amounts of ferrite were 4 

and 21% for samples tested at 3x105 S.' and 3 x 1 0 ~  a', respectively. In both cases, 

fracture appears to have been intergranular (Le. between the ausfenife grains), with a large 

proportion of the final deformation going into the femte, which was shown in section 

5.4.1 to have formed on the y grain boundaries. Individual austenite grains are visible in 

the fractographs, covered in what appears to be heavily deformed ferrite. In these two 

cases, ductility was poor-between 35 and 40 %RA. 

Samples deformed at 760°C al1 displayed improvements in ductility over those 

tested at 800°C. At this temperature, austerite grains became increasingly difficult to 

discern in the fractographs as the strain rate was decreased and the amount of ferrite 

formed increased. Even though at this temperature the strength differential between the 

aus te~te  and the ferrite is decreased, fracture always occurred in the second, softer phase. 



Chapter 6 

Discussion 

The Discussion chapter is split into three sections. The first deals with the 

formation of femte under undeformed as well as under compressive straining conditions. 

The second considers the effect of the austenite-to-ferrite transformation on the hot 

ductility of the steel in question. Finally, the third section presents a brief summary and 

assesses the industrial implications of the present work. 

6.1 Ferrite Formation Under Static Transformation ~ n d  

Compressive Straining Conditions 

Both in this and in previous ~tudies,6*'~~ the deformation of unstable austenite has 

been shown to accelerate the y-to-a transformation. Greater quantities of femte form 

under deformation than would form without strain, given the same incubation tirne and 

undercooling. Various mechanisms have been proposed to account for this, a number of 

which were described in section 2.4.2.1. The following discussion of the present results 

concentrates on the effect that prior austenite grain size, test temperature, and degree and 

speed of straining have on the amount, and on the morphology, of the ferrite formed upon 

the decomposition of thermodynamically unstable austenite. This section begins with 
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consideration of the static results, as these are the benchmark against which the remaining 

data will be compared. 

6.1.1 Ferrite Formation Under Static Transformation Conditions 

As was explained in section 3.3.3, the testing temperatures used in this work span a 

range from just below the A h  to just above the Ar3 temperatures of the experimental 

material. In this steel, this range is from 841 to around 740°C; most of the experiments 

were canied out at between 840 and 760°C. No ferrite was expected to be found in the 

samples tested under static conditions at 840°C-the equilibrium volume fraction 

predicted by the ThermoCalc software at this temperature was essentially zero (see section 

3.3.3). At 800°C, however, the predicted equilibrium volume fraction was 43%, more 

than half that at 760°C (68%). and hence it is a little surprising that no ferrite was found in 

this case, given that at 760°C more than 50% of the equilibnum amount was present after 

3,600 seconds of holding in the fine grained case (see Fig. 4.1). 

The rate of ferrite formation at 760°C can be seen, in both the fine and coarse 

grained cases displayed in Fig. 4.1, to follow quite closely the 'S' curve normally adhered 

to by isothermal transformations in general. This is reassuring, as previous studiesU' 

have s h o w  that the particular case of isothermal transformation from y-toa can be 

described by the Awami equation, which was used to plot these curves. Clearly ferrite 

forms faster in the fine grained case, and the curves suggest that equilibrium would be 

reached more quickly in this material, although it should be borne in mind that this second 

conclusion is based on nothing more than an extrapolation. 

It is also quite clear from Fig. 4.1 that there is a significant amount more scatter in 

the fine grained case than there is in the coarse grained scenario, a fact that is consistently 

observed throughout the results, although one that seems to be more distinct in the 

unstrained samples. The most likely explanation for this enhanced variation is that there 

was a certain amount of macroscopic segregation left in the as-received source material, 

which was in the form of hot-rolled plate (see section 3.1). More direct evidence of this 

inhomogeneity may be found in Fig. 4.2 (c)--banding of the femte formed in the fine 

grained material is clearly visible, indicating that there are sizeable areas of the material 
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that are in some way predisposed to ferrite nucleation. One would expect the effect of 

such residual segregation to be greatest in the fine grained case as the heat treatment used 

to produce this type of matenal was based on an austenitizing temperature some 280°C 

lower than that employed for the coarse grained specimens (see section 3.3.3). 

6.1.2 The Effect of Compressive Deformation on Ferrite Formation 

61.2.1 Compressive Flow Cuwes 

In section 4.2.1, it was noted that there is a significant effect of strain rate on the 

flow stress found at any point on the compressive flow curves. This effect is well 

established and is descnbed by the Zener-Hollomon parameter, Z, which correlates directly 

with the resistance to plastic flow displayed by a metal dunng deformation. The Zener- 

Hollomon parameter can be thought of as a temperature-adjusted strain rate, and is given 

by: 

Eq. 6.1 

where Q is an activation energy, È th* strain rate and T the absolute teniperature. It can 

be seen from this equation that an increclse in strain rate at constant temperature has the 

same effect (if not to the same degree) as a decreuse in temperature at constant strain rate; 

Le. they both cause an increase in flow stress. It should, however, be borne in mind that 

this relation, particularly as it relates to temperature, will not necessanly be followed in the 

dual-phase region. This is discussed in the section that follows. 

61.2.2 Peak Stress Cuwes 

The stress levels at the peaks that appeared in the compressive flow curves were 

found to Vary with temperature, strain rate and pnor austenite grain size. By reading the 

peak stress values from each of the flow curves and plotting the resulting figures against 

temperature, diagrams that display this variation can be produced. The curves obtained in 

this way for each austenite grain size and strain rate examined are presented in Fig. 6.1. 

Refemng to the figure, one can see that from 1,00O0C down to the AQ temperature, the 

peak stress increases as the temperature is decreased in al1 cases, as expressed by the 
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Zener-Hollomon equation mentioned in the previous section. However, at the Am 

temperature, the curves begin to flatten out and at the lower strain rates, the strength 

actually falls with decreasing temperature. This change is abrupt at the lowest strain rate 

and is generally more pronounced at the finer austenite grain size. 

The existence of stress maxima in the compressive flow curves can be accounted 

for using two different explanations: one that applies to phenomena encountered above the 

A%, and a second that applies to mechanisms present below the Ae3 temperature. In the 

former case, the peaks in the flow curves might be caused by the onset of dynamic 

recrystallisation in the austenite-the characteristic multi-peak behaviour was observai in 

the flow curves. In the latter case, the peaks found in the flow curves are related to the 

first detection of deformation induced femte in the microstmcture. 

Referring again to Fig. 6.1, it is notable that the fine grained case displayed lower 

peak strengths both above and below the Ae3 for every strain rate examined. This is 

somewhat countzr-intuitive since finer grains normally lead to a stronger aggregate. 

However, this phenornenon can be explained by considering the effect of grain size on 

fi 1 

j Ar, (undcfomud) I Ac, , 

Fig. 6.1 Dependence ofpeak slrengih on les1 temperature in the course and Jne 

grained malerials al the Bree slrain raies examined. 
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certain processes within the materiai. Above the A4, finer grains reduce the critical strain 

for dynamic recrystallization, and thereby advance the point at which this softening pro- 

is initiated. Below the A@, f i e r  grains have been s h o w  to accelerate ferrite forma tic^^ 
which in turn reduces the flow stress of the mixture (see section 2.4.1). It is reassuring to 

note that, before the peak stress is reached, the 80w stress for a given strain and strain rate 

in the austenite was in fact higher in the fine than in the coarse grained case, as would be 

expected for the entire test were it performed at room temperature. Fig. 6.2 compares 

flow curves in the coarse and fine grained cases for samples tested at 800°C at a strain rate 

of 3 x 1 0 ~ ~ 4 .  

di.2.3 Effect of Deformation on Ferriîe Motphology and Distribution 

The acceleration of ferrite formation by deformation seems to have a marked effect 

on the morphology, and on the distribution, of the resulting second phase. Maki et ai.:' 

for example, showed that, under static transformation conditions, the ferrite morphology is 

particularly influenced by the austenite grain size. They found that relatively isolated, 

globular ferrite grains were formed in a C-Mn-AI steel with an austenite grain size of 100 

Fig. 6.2 Comprison of theJïow cuwes obtoined forJne ond morse groined 

samples tesled al the same mperature and strain rate (800°C and 

3~10%'). 
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pm, whereas with a y grain size of 350 pm, thin films of femte fomed dong the austenite 

grain boundaries. It appears likely that this difference is due to the fia that the ratio of 

triple point to grain boundary nucleation sites decreases with increasing grain size. Under 

& m i e  conditions, however, these authors found that &fornorion induced femte always 

f o m  initially as thin films, regardless of the austenite grain size. Cardoso et al.n have 

also shown that thin films rather than more discrete femte colonies form in a Ti-containing 

steel with an austenite grain sue of some 120 lm. The evidence pronded by the above 

two sets of authon suggests that the effect of low strain rate deformation on the y-toa 

transformation is restncted to the neighbourhood of the grain boundaries. Growth of the 

femte away fiom the austenite grain boundanes seems severely restncted. A possible 

reason for this restriction is presented in section 6.1.2.4. 

The trends in fcmte morphology noted above were closely followed in the present 

work. In the coarse grained material, femte formed as bands, decorating the austenite 

grain boundaries after comparatively mal1 amounts of deformation (see Fig. 4.4). While 

decreasing the strain rate by two orders of magnitude (and therefore increasing the t h e  

spent under deformation by the same amount) slightly increased the widths of these films, 

the phase boundaries did not move significantly towards the centres of the austenite grains 

until the test temperature was lowered to some 100°C below the equilibnum 

transformation temperature. 

In the fine grained material, transformation progressed more quickly in al1 cases. 

The largest difference in transformation rate between the coarse and fine grained samples 

appeared at the higher temperatures examined. The DIF formed in the fine grained 

specimens, while not like that formed under static conditions, was more blocky in 

appearance than that formed in the coarse grained matenal. However, the comparison of 

Table 4.1 with Table 4.2 reveals that the femte grains formed in the fine grained samples 

progressed no fùrther into the austenite matnx than the 'films' formed in the warse 

grained matenal. 
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61.2.4 Eflect of Erne Under Deformation on the Amount of DIF Formed 

Some of the most striking results from the compression testing phase of this work 

were discovered upon plotting the amount of ferrite formed against the time spent under 

deformation. The resulting curves were plotted in Fig. 4.9. 

Beginning with Fig. 4.9 (a), it can be seen that, at 760°C, the effect of increasing 

the grain sue is as one might initially expect-to retard transformation; in this case the 

curve is moved to increased times by approaching one order of magnitude. However. 

moving to Fig. 4.9 @), which depicts the situation at 800°C, the effect of increasing grain 

size is far more dramatic, and plainly quite different than that encountered at the lower 

temperature. In the case of this second graph, the line traced through the points plotted 

from the coarse grained material appears almost to level off at around 14% ferrite, some 

113 of the equilibrium fraction, and shows little sign of moving any further towards the 

stable amount. The abrupt Ievelling of this curve suggests that some barrier to further 

ferrite formation has been reached; if this is the case, then, judging by the curve, the fine 

grained material does not meet with such an obstacle. 

A possible explanation for this phenomenon can be anived at by combining 

observations from the present work with information drawn from the literature. Before 

beginning to explain this mechanism, a few facts noted elsewhere in this thesis are worthy 

of reiteration: 

1. Given that this sudden stalling of the y-toa transformation was 

encountered during deformation, and that no such phenomenon has been 

reported in static cases in the literature, it must be assumed that the reason 

for this effect is some corollary ofthe deformation process. 

2. As was mentioned in section 2.4.1, the plastic deformation of a metallic 

polycrystal is not homogeneous. When austenite is deformed at low strain 

rates, much of the strain is taken up by grain boundq sliding and by slip in 

regions close to the grain boundaries. 

3. As a result of the above point, a high dislocation density is present in the 

vicinity of the grain boundanes, which the y is slow to remove as its low 
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SFE makes recoveiy difficult. (It is further notable that two of the 

publications that attempt to account for the effect of deformation on the y- 

t o a  transformation, as described in section 2.4.2.1," " cite the femte 

nucleation occurring in heavily deformed parts of the austenite mat& 

which are located near to the grain boundaries.) 

The present work suggests that, when the undercooling is relatively small, femte 

f o m  quickly in the deformed regions near the grain boundaries, but is unable to 'escape' 

this region. This is visible oniy in the coarse grained case in the present work because 

deformation becomes less confined to the grain boundaries as the grain Sue is decreased. 

~ c ~ e a n ~  produced the schematic diagram shown in Fig. 6.3 based on hardness 

measurernents in cold-worked polycrystals. This shows that, with fine grains, the 

deformation is quite homogenous, progressing nght into the intenors of the grains. With a 

sufficiently large grain size, on the other hand, the interior of a grain may almost 

wmpletely escape the restraints, and accompanying heavy deformation, imposed by the 

grain boundaries. This results in a highly heterogeneous structure, and produces a smaller 

overall increase ir Uklocation density. 

With the idea of strain inhomogeneity established, the question then becomes, how 

wide is this deformation zone in a relatively coarse-grained aggregate? A ball-park figure 

O O 
Distance fmm boundary 

Fig. 6.3 Eficf ofgrain size on the local hordness of indiv~dual~rains." 
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may be obtained from the work of Bay and   ans en,^' who found bands of subgrains 

behveen 2 and 8 p wide in 99.4% pure aluminurn polycrystals, strained to 0.36 by cold 

roUing, with a grain size of 370 Pm. While the point that these authors make is one of 

enhanced recovery in the grain boundary region due to heavy deformation in its vicinity, 

the width of heavy deformation could be applicable to the present work. 

The strain applied in the aforementioned work is almost exactly in the middle of the 

range imposed in the present expenments, although the grain sue used was some 85% 

larger than that employed here (200 pm in the coarse grained case). Nevertheless, if one 

assumes that the heavily deformed regions formed in the coarse grained samples in the 

present case were the same proportion of the mean grain diarneter as those found in Bay 

and Hansen's work, then one obtains a maximum band width of 4.3 pm. Now, the 

equilibnum femte volume fraction at 800°C is 43%; assuming that nucleation does not 

occur in the centres of the grains (which has been shown largely to be the case under the 

conditions imposed here), femte must progress some distarice into the austenite grains in 

order to attain this stable level. Adopting a simple model of a spherical austenite grain, as 

sketched in Fig. 6.4, the femte must progress into the austenite matnx to a distance ri - r2, 

where these are the radii of the autenite grain before and aîler formation of the 

equilibnum volume fraction of femte. 

Fig. 6.4 Simple model o j o  spherical oustenile grain, ~ r rounded  by a 

unfonn band offirrite. 



- - 

Taking the austenite grain sues to be 200 and 25 pm in the coarse and fine [. ained 

cases, respectively, and the equilibnum femte volume fraction to be the calculated value of 

43% at 800°C. one finds that the femte must progress -17 pm in the coarse, and 2 prn in 

the fine grained case, in order to achieve equilibriurn. Working in the opposite direction, 

taking the 4.3 pn deformed band width estimated eulier, one finds that this corresponds 

to a transformation of 10% in the coarse grained case, a figure which is comparable with 

the 14% level at which the transformation stalled in the present experiments. 

In the fine grained case, the model predicts that equilibrium cm be reached after 

very little progression of the femte into the austenite matrix. However, in this case, the 

distance required may not be important as the deformation is much more homogeneous, 

and there is not as significant a "deformation gradient". 

It must, of course, be remembered that this is a very simple model, and that the 

figures used may or may not be directly applicable to the system in question. However, it 

is of interest to note that the estimates obtained agree closely with the observations, and 

indicate that the proposed explanation is reasonable. Of course, more experiments would 

be required were this to be confirmed. 

61.2.5 Effect of Strain Rate on the Amount of DIF Formed 

There may also be some relationship between strain rate and the degree to which 

the femte manages to progress into the y matrix. Previous work2" 34 has demonstrated 

that there is less progression of the femte into the austenite matrix when the strain rate is 

low (e.g. around 3 x 1 0 ~  S.'). At this strain rate, it was suggested, alrnost full recovery can 

take place in the a. This means that, even after appreciable deformation, there remains a 

significant difference between the strength of the y matnx and that of the femte formed on 

its boundaries. The femte makes greater advances inte the austenite matrix when the 

strain rate is higher as work hardening of the femte reduces the strength difference 

between these phases. 

Unfortunately, in the present work, this effect could not be assessed because of the 

fact that the strain rates were varied over three orders of magnitude white the amount of 
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deformation, owing to the natlire of the compression test, was only varied by upprouching 

one order of magnitude. The result is that no two tests can be compared directly in t e m  

of tirne; therefore the effect of the rate at which deformation is applied to the material over 

a 6 x 4  penod of t h e  cannot be determined with any confidence. 

6.2 Hot Ductility in the Dual-pltase Region 

As is often the case with tensile data. the flow curves produced in this part of the 

present work can each be divided into three distinct sections: the linear or elastic region, 

the region of uniform elongation, and the region of stress and strain localisation. As was 

noted in section 5.2, the tensile flow curves obtained at a given temperature were highly 

self-similar, so in order to facilitate comparison of the curves found in each case, the flow 

curves obtained at the middle strain rate (3x10" S.') at each of the three temperatures 

examined are collected and displayed in Fig. 6.5. 

62.1.1 Elmtidinitid PIartic Deformation 

In the first part of the stressktrain curves, the stress rises comparatively rapidly, 

and in a relatively continuous fashion, as the strain is applied at d l  the temperatures and 

strain rates examined. This region is at least partly elastic, although in this work its upper 

limit is impossible to define as no yield point is observed-there is merely a gradual 

decrease in the gradient of the curve. 

At 840 and 800°C, Le. the two higher temperatures tested, the gradient of the flow 

curve at any point in the elastidinitid plastic zone decreases with strain rate (Fig. 5.1). 

This effect appears most pronounced at the lower of these two temperatures, but is 

practically absent in the specimens tested at 760°C; in this case the gradients of the three 

curves are practically identical. The steepest gradients were found at 760°C, while the 

curves obtained at this temperature also show the most abrupt change in gradient as 

softening processes are suddenly activated. 
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Fig. 6.5 Cornparison of tensilejlow curves observed ot d~jperent fernperntures. 

The second stage of deformation is that in which uniform elongation occurs. 

Before proceeding with this section, it is worth noting that the apparent waviness found in 

these portions of certain of the curves obtained in this work is likely not a material trait, 

but is due to scatter in the readings taken by the computer from the LVDT during the 

experiment. Plotting crude curves through these slightly scattered points l a d s  to the 

undulations. There are two major factors responsible for producing the variation in the 

data: first, electrical interference between the high voltage, high current, fumace power 

supply and the L M T ;  second, the fact that the test proceeds in incremental steps as 

defined by the testing program. Refemng to Fig. 5.1, it can be seen that the variation is at 

a minimum at the highest strain rate, where the step rate was inevitably the greatest. 

Measures undertaken to minimize these sources of error were (a) the definition of a large 

number of steps for each deformation routine, and @) the movement of the fumace power 

supply cable as far away from the L W T  as possible. 
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Retuming to a description of the curves, if the material were, in the single-phase 

region at least, to correlate well with the Zener-Hollomon parameter, then the gradient of 

the uniform elongation portion of the tensile flow curve should be dependent on both the 

strain rate and the test temperature. Temperature, of course, is one factor that controls the 

rate at which softening processes cm remove the work hardening that is constantly 

accumulating in the material. From Fig. 5.1, it can be seen that in each of these 

expenments, the stress increases to a maximum as the strain is applied and the matenai 

work hardens. At al1 of the three temperatures, an increase in strain rate brings about an 

increase in the gradient of this portion of the curve, as per the theory. However, 

decreasing the temperature from 840 to 800°C does not substantially increase the gradient 

of the curve at a given point in this region; rather, for a given strain rate, they remain 

similar, as illustrated in Fig. 6.5. Decreasing the temperature further to 760°C prompts a 

reduction in the gradient of the uniform elongation portion of the curves, and a significant 

reduction in the peak true stress applied to the material. 

621.3 Sîrain Localisation 

Necking begins when, macroscopically, the increase in stress due to a decrease in 

the cross-sectionai a m  of some part of the specimen exceeds the increase in strength in 

that area that occurs sirnultaneously due to work hardening. It can be shown that at the 

point of tensile instability, 

Eq. 6.2 

where a and E are true stress and true strain, respectively. This is known as the Considère 

critenon9' In a simple, room temperature tensile test, necking is initiated at the maximum 

load; this is also the case in experiments conducted at high homologous temperature. 

However, in these cases, the loss in work hardening ability is often accompanied by the 

action of various softening mechanisms. One 'softening mechanism' that was encountered 

in this work was the formation of deformation induced ferrite. 

In the present case, because of the 'waviness' of the stress-strain curves, it was 

rather difficult to determine the precise point at which strain localisation began. 
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Nwertheless, in certain cases, the strain at the onset of necking was estimated by assuming 

that the diameter outside the necked region corresponded to the diameter at the onset of 

plastic instability. However, this approach wuld not be applied to the specimens 

displaying relatively good ductilities, for which the necked region extended dong the entire 

gauge length. As a result of this uncertainty, no attempt will be made to suggest precisely 

the strain at which necking first began in the samples tested during this investigation; 

instead, it is the point at which the stress began to decrease that will be highlighted. 

At 840 and 800°C, the point at which necking is initiated is dependent on strain 

rate. At both temperatures, decreasing the strain rate advances the strain at which flow 

localisation occurs-the largest dependence is at 800°C, at which temperature the sample 

tested at 3x10" s-' only began to neck after alrnost double the strain of that tested at 3x10. 
4 1 s . At 760°C, however, necking occurred at similar strains for al1 three strain rates. 

The behaviour during necking is clearly very dependent on test temperature, 

although it is not so clearly affected by strain rate. At 840°C, the stress drops off relatively 

gradually, fracture occumng aller a considerable amount of more straining has o a r r e d .  

At 800 and 760°C, however, fracture occurs very rapidly after necking begins-little 

additional plastic deformation occurs. This is particularly the case at 800°C. 

6.2.2 Anaiysb of the Hot Ductility Curves 

The hot ductility curves presented in section 5.3 show that a ductility trough is 

encountered in the steel in question at al1 the strain rates examined. The minimum ductility 

appears to occur at around 800°C. The curves, displayed in Fig. 5.2, increase in depth as 

the strain rate is lowered, and therefore follow trends found in other work, although this 

effect does not appear as marked as that previously found in higher carbon grades." As 

was also noted in section 5.3, the widths of the troughs found in the present work are 

impossible to assess as the zone of poor ductility appears to extend beyond the lowest 

temperature tested here. This is not entirely surprising, as it has been reported in the past2' 

that the ductility trough encountered in plain carbon steels normally extends to some 

temperature below the static Ar3  temperature. The recovery in ductility in this case would 

therefore have been out of the range ofthe current experiments. 



Comparing the tensile flow curves presentrd in Fig. 5.1 with the ductility curves 

shown in Fig. 5.2 and the micrographs and fractographs displayed in Figs 5.3 and 5.5, 

respectively, it becomes increasingly apparent that there is a very close link between 

ductility, flow curve shape, and rnicrostnicture. As was mentioned above, the minimum 

ductility was displayed at 800°C, at which point the tensile flow curves show abmpt strain 

localisation and maximum sensitivity of elongation to fracture to strain rate. This 

temperature also gave the lowest overall extension to failure. 

Given the rates of deformation applied, the temperatures used (Le. between the Ae, 

and undeformed Ar3). and nature of the experimental material (Le. the absence of 

microalloying elements), the most likely reason for the ductility troughs is the formation of 

deformation induced ferrite. This was demonstrated in section 5.4, where fracture was 

s h o w  to occur dong the thin films of ferrite formed at the austenite grain boundaries. It 

is notable that, even when 60% ferrite is present in the microstnicture, which should be 

enough to prevent strain concentration (see section 2.4.1), the flow curves show the same 

abrupt downturn upon necking. The effect of the additional ferrite is to increase the length 

of the stress 'plateau' noted in these curves, and to reduce the dependence of the 

elongation to failure on the strain rate. As the onset of plastic instability is controlled by 

the ability of the material in question to work harden (see section 6.2.1.3), it seems likely 

that the sudden occurrence of necking observed when ferrite is present is due to the rapid 

recovery that occurs in this phase. 

When the ductility trough in steel is caused by ferrite formation at austenite grain 

boundaries, it is generally accepted that the ductility recovers when either the femte is 

removed, or, as has been indicated above, when there is a large enough quantity of it 

present to prevent significant strain concentrations fiom occumng. It is interesting then to 

plot ductility (as measured by %RA) against ferrite volume fraction for each of the tende 

tests performed in the present work; here the aim is to determine the quantities of ferrite 

associated with poor ductility. This is done in Fig. 6.5. 

It can be seen from the figure that al1 (apart from one) of the points fall on the kind 

of curve that is expected from the above discussion. Where no ferrite is present, the 
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Fig. 6.6 Efict offerrite volumefiaction on tende hot ductilily. 

ductility is excellent, with the reduction in area approaching 100%. However, as small 

amounts of ferrite are formed on the grain boundaries, the ductility drops dramatically and 

only recovers when quite significant amcunts of this second phase are present. 

The point that does not fit the curve is from a test conduaed at 760°C (the lowest 

temperature examined), and at the highest strain rate. Two factors are therefore worthy of 

note. Firstly, as the temperature is reduced, so the difference between the strengths of the 

y and a is decreased. Secondly, increasing the strain rate, of course, makes it more 

difficult for recovery to remove work hardening in the time available. It must be 

remembered, of course, that this is the result of only one test, and so should not be taken 

as definitive. However, it might be argued that the above two factors, when combinai, 

conspire to reduce the strength differential between austenite and ferrite sufficiently to 

partially abate the effects of strain concentration in the softer phase. The result is 

surprisingly good ductility. 
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6.3 Summary and Industrial Implications 

This work adds to the already considerable body of knowledge that has grown up 

around the problem of transverse cracking. It concentrates on the ductility trou@ found in 

most warse grained plain carbon steels in the vicinity of the two-phase region, and sets out 

to assess the effect of the austenite-to-ferrite transformation on the tensile hot ductility. 

The main point that has been anived at through this work is that, at low strain rates 

and small applied strains, increasing strain rate decreuses the amount of ferrite present in 

the microstnicture because it decreuses the amount of time available for ferrite formation. 

Time seems particularly important as, in coarse grained steels, the formation of 

deformatior~ induced ferrite has been found to be limited to regions signl$cantly afected 

by deformation. At the slow strain rates involved in the unbending operation, this means 

narrow bands adjacent to the grain boundaries. The limited width of these deformed 

regions makes the formation of enough ferrite to improve the ductility suficiently unlikely 

to be achieved at low levels of undercooling. 

From an industrial point of view, the results of the present work suggest that, in the 

continuous casting of plain carbon steels. unbending at a high temperature and at as high a 

strain rate as possible should reduce the incidence of transverse cracking. Of course, there 

are many factors that influence unbending temperature and casting speed, and each must 

be weighed on its merits. Happily though, these ideas of maximising the unbending 

temperature (and to a lesser extent, increasing the casting speed) tally well with modem 

ideas with regard to hot charging and direct rolling, where the bottleneck is the continuous 

caster. 



Conclusions 

The effects of strain, strain rate, undercooling and grain size on the austenite-to-femte 

transformation have been investigated, and the results applied to the assessment of the hot 

ductility of the steel in question. The following conclusions can be drawn from this work: 

1. Deformation induced ferrite forms in both fine and coarse grained steels at 

temperatures only a few degrees below the A4. The present work indicates that, 

particularly at low levels of undercooling, the rate of ferrite formation when 

deformation is being applied is several orders of magnitude greater than in the 

absence of straining. 

2. At relatively modest undercooling (40°C), deformation induced ferrite seems not 

to form outside regions of the material that are direct4 affected by the applied 

strain. At the low strain rates imposed here, this means that, in warse graincd 

materials (-200 pm), deformation induced femte only forms in narrow banes, 

adjacent to the grain boundaries. In fine grained materials (-25 pm), deformation 

is far more homogeneous, and therefore femte formation is not so severely limited 

or localiied. 
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3. The tende hot ductility, in the intercritical or dual-phase region, of the steel used 

in the present work is clearly linked to the austenite-to-ferrite transformation. 

When narrow bands of ferrite form at the austenite grain boundaries, failure 

aiways occurs in this second phase. Ductility is at a minimum when around 10% 

ferrite is present, and only begins to recover substantially when more than -50% 

ferrite has formed in the microstmcture. 

4. Given that unbending involves small strains (cl 3%) applied at a low strain rate 

(-3x10~ s-'), it is unlikely that sufficient ferrite can to form during the 100 s that 

are available to provide good ductility during this operation. This conclusion is 

based on the assumption that the present experiments simulate reasonably 

faithfully the industrial conditions of interest. 

5. From an industrial perspective, unless unbending cm be performed at strain rates 

in excess of 3 x 1 ~ ~  s", this operation must be carried out above the Ae3 or below 

the (undeformed) Ar3 temperature if transverse cracking is to be prevented. 
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MTS BASIC Compression Testing Control Program 

10 REM 

20 REM-CONSTANT TRUE STRAIN RATE INTERRUPTED 
COMPRESSION TEST--- 

30 REM 

40 REM************PROGRAMED BY ABBASS ZAREI 
HANZ~***************** 

50 REM 

60 REM 

70 ERASE 

80 D M  X(SO,l),Y(SO,l) 

90 COMMON A(450,2),C(450,2),D(450,2),2(450) 

95 COMMON F(15) 

100 COMMON HO,AO,DI,D2,DS,B,SO,Il,I2,D 

il0 COMMON CI.SI,S2,LO,A,J,N$,M$,T$ 

120 PRINT "SAMPLE IDENTIFICATION"; \ INPUT N$ 

130 PRINT \ PRNT "MATERIAL"; \ W U T  M% 

140 PRINT \ PRINT "TEST TEMPERATURE"; \ INPUT T$ 

150 PRINT \ PiUNT "INITIAL HEIGTH (mm)"; \ INPUT HO 

160 PRINT \ PRINT "INITIAL DIAMETER (mm)"; \ INPUT DO \ 
AO=PI*@O)W4 
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170 PRINT \ PRINT "NUMBER OF DEFORMATIONS:"; \INPUT D5 

180 PRINT \ P m  "FIRST DEFORMATION"; \ INPUT Dl 

190IFD5=1 THEN GOTO 210 

200 PRINT \ PRINT "SECOND DEFORMATION"; \ INPUT D2 

210 PRINT \ PRINT "STRAiN RATE (Ils))"; \ INPUT S1 

220 PRINT \ PRINT "TIME INTERPASS (s)"; \ INPUT T 

230 PRINT \ PRINT "LOAD RANGE (kip)"; \ INPUT L \ LO=L*4.4482* 1000 

240 P m  \ PRINT "STROKE RANGE (mm)"; \ MPUT SO 

245 PRINT \ PRINT "HOW MANY DATA DO YOU NEED ?"; \INPUT D 

250 ERASE 

255 GTIME(,M,H) 

260 PRINT "DATE :"; ' PRiNT DAT$ 

265 PRINT "TIME :"; \ PRiNT H,":"M 

266 PRINT 
270 P m  ......................... EXPERIMENTALDATA 
........................... 
280 PRINT \ PRINT 

290 PRINT "FILE NAME :"; \ PRINT N$ 

300 PRINT "MATERIAL :"; \ PRMT M$ 

31OPR.iNT 

320 PRINT "TEST TEMPERATURE :"; \ PRINT TS 
330 PRINT "INITIAL HEIGTH :"; \ PRINT HO; \ P m  " (mm)" 

340 PRINT "INITIAL DIAMETER :"; \ PRINT DO; \ PRINT " (mm)" 
350 PRINT 

360 PRINT "NUMBER OF DEFORMATlON :"; \ PRiNT D5 

365 P m  "NUMBER OF REQUESTED DATA:"; \ PRINT D 

370 PRINT 

380 PRINT "FIRST DEFORMATION :"; \ PRINT D l  

390 PRINT "SECOND DEFORMATION :"; \ P m  D2 

400 PRINT "STRAIN RATE :"; \ PRINT SI; \ PRINT " IISEC" 

410 PRINT "TIME iNTEWASS :"; \ PRINT T; \ PRINT " SEC" 

420 PRINT 
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425 PRINT "LOAD RANGE :"; \ PRINT L; \ PRiNT " Kip" 

430 PRiNT "STROKE RANGE :"; \ PRMT SO; \ PRINT " (mm)" 

440 W=SYS(4) 

450 PRINT \ PRIN4 

460 PRINT "PRESS RETURN TO START THE TEST"; \INPUT G$ 

470 PRINT \ PRiNT 

480 PRINT "STARTING THE AUTOMATIC POSITIONING OF THE 
PISTON" 

490 FGARB(1,"Rn, TIME 100,-.4) 

500 ADIMMED(1,A) 

510 FGGO 

520 IF A<-3.00000E-03 THEN GO TO 540 

530 GO TO 500 

540 FGSTOP 

550 S2=A*LO/AO 

560 PRINT \ PRINT "THE STRESS ON THE SAMPLE 1s: "; \ PRINT S2; \ 
PRINT "ma" 

570 ETIME \ SLEEP(1) 

580 ADIMMED(3,B) 

590 Tl=Dl/S1/50 \ T2=D2/S1/50 

600 REM 

610 FOR I=1 T 0  50 

620 HI=HO/EXP@l*U50) 

630 X(I,O)=(Hl-HO)/SO+B 

640 NEXT 1 

650 REM 

660 H2=HOIEXP@l)+.254 

670 H=(HO-HI)/SO 

680 FOR I=l TO 50 

690 H3=H2EXP@2*U50) 

700 Y(I,O)=(H3-H2)/SO+.OZ+(B-H) 

710 NEXT 1 

720 REM 
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722 T3=DIISI 

723 N3=T3/.025 

724 T8=N3/D \ IF T 8 4  THEN T8=1 

725 T4=D2/S 1 

726 N4=T4/.025 

727 T9=N4/D \ IF T 9 4  THEN T9=1 

729 REM - NOTE THAT TiME INTERVAL USED TO BE 0.05 RATHER 
THAN 0.025 - 
730 CKTIME(I,.OZS) 

740 ADTIMED(l,A,,3,T8,1) 

750 ADTIMED(Z,A,,3,10000,1) 

760 ADTiMED(3,A,,3,T9,1) 

765 ADTRIGGER(3,FS,-1) 

770 REM----- SET UP THE SYSTEM 

780 FGARB(I,"RM, TIME Tl, ARRAY X) 

790 FGARB(1,"Ru, TIME 1.00000E-03,.02+(B-H)) 

800 PRiNT \ PRiNT "PRESS RETURN TO START THE DEFORMATION"; \ 
INPUT G% 

810 ADINIT \ FGGO \ ADGO(1) 

820 FGSTATUS(1,W) \ IF W o O  THEN GO TO 820 

830 ADSTOP(1) 

840 REM 

850 IF DS=l THEN GO TO 910 

860 ETIME \ SLEEP(T) 

870 REM 

890 FGARB(I,"RN, TIME T2, ARRAY Y) 

895 ADGO(3) 

900 FGSTATUS(1,S) \ IF S o O  THEN GO TO 900 

910 ADSTOP \ FGSTOP \ CKSTOP 

920 REM 

930 FGIMMED(I,"R", TiME S.0) 

940 PRiNT \ PRiNT \ PRINT 

950 PRiNT "****** THE EXPERIMENT IS FINiSHED******"; \ INPUT G$ 
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960 FOR I=l TO A 

970 REM-Cl IS THE MTS COMPLIANCE- 

980 C2=-ELEVEL(A(I,2))*LO 

990 C1=.198769*(l-EXP(-1.15596E-07*C2A2))+2.0OO63E-O5*C2 

1000 Z(I)=HO+(ELEVEL(A(I,l))-B)*SO 

1010 PRINT I,LOG(HO/Z(I)) 

1020 NEXT 1 

1030 PRINT \ PRiNT 

103 1 XO=1.00000E-05 

1032 FOR I=10 TO A 

1033 Xl=LOG(HO/Z(I)) 

1034 IF Xl<XO THEN 1037 

1035 XO=XI 

1036 NEXT 1 

1037 PRINT "Il=";I-l \Il=I-1 

1038 FOR J=I TO A 

1039 XZ=LOG(HO/Z(J)) 

1040 IF X2>=XO THEN 1042 \ XO=m 

1041 NEXT J 

1042 I3=J 

1043 Gl=XO 

1044 FOR I=I3 TO A 

1045 G2=LOG(HO/Z(I)) 

1046 IF G2>(.2*G1) THEN 1048 

1047 NEXT 1 

1048 PRINT "I2=";1+1\ I2=1+1 

1049 J=l 

1070 FOR 1=1 TO A 

1080 IF P I 1  THEN IF KI2 GO TO 11 10 

1090 D(J, l)=A(I, 1) \ D(J,2)=A(I,2) 

1 100 J=J+l 

111ONEXTI 
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1120 REM 

1130 ERASE 

1140 PRINT \ PRINT 

1150 PRINT "RESULTS FROM THE EXPERIMENT:" 

II60 PRINT \ P m  

1170 PRINT "INITIAL POSITION:"; \ PRINT B 

1180 PRINT "TOTAL NUh4BER OF DATA POINïS:"; \ PRINT J 

1190 PRINT "NUMBER OF POiNTS FOR THE FIRST DEFORMATION:"; \ 
PRINT 11 

1195 F(O)=B \ F(l)=J \ F(2)=I1 

1196 F(3)=12 \ F(4)=HO \ F(5)=DO \ F(6)=D5 \ F(7)=D 1 \ F(8)=S 1 

1197 F(9)=T \ F(10)=D2 \ F(l I)=L \ F(12)=SO 

1 198 F(13)=B 

1200 PRINT \ PRINT \ PRINT 

1210 W=SYS(4) 

1220 PRINT "DO YOU WANT TO SAVE THE DATA"; \ INPUT G$ 

1230 PRINT \ P m  

1240 IF G$="Nn THEN GO TO 1280 

1250 OPEN "DU1:Tn&N$ FOR OUTPUT AS FILE #1 

1255 OPEN "DU1:Ku&N$ FOR OUTPUT AS FILE #2 

1260 FOUT(l,D(l, l),,O,F) 

1265 FOUT(2,F(l),,O,F) \ CLOSE #2 

1270 CLOSE #1 

1280 PRINT \ PRINT "DO YOU WANT TO SEE THE DATA"; \ INPUT G$ 

1290 IF G$="NU THEN GO TO 1360 

1300 OPEN "DUl:T"&N$ FOR INPUT AS FILE #1 

1305 OPEN "DUI:Kw&N$ FOR INPUT AS FILE #2 

13 10 FINP(l,C(i,l),,O,F) \ CLOSE # l  

1315 FINP(Z,F(l),,O,F) \CLOSE #2 

1320 FOR l= l  TO J 

1325 PRINT 1, 

1330 PRINT ELEVEL(C(I,2))*LO/AO*HOIZ(I), 
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1340 PRiNT Z(I),LOG(HO/Z(I)) 

1350 NEXT 1 

1355 PRiNT "B=";F(l3),"J=";F(l),"Il=";F(2) 

1360 P M  \ PRINT "DO YOU WANT TO SEE THE GRAPHICS"; \ m U T  
F% 
1370 IF F%="Y" THEN CHAM "GRAFS.BASn LME 270 

1380 END 

Ready 
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BASIC Program Used tu Generate MTS TestStar Playback File 

20 P R N ï  "Routine to produce end levels for MTS TestStar TEEPLAY 
procedure." 

30 P R N ï  " COMPRESSION: constant true strain rate" 

40 PRINT " by T. Maccagno " 

60 P R N ï  

70 PRINT "Enter the name of the MTS 'Fileplay' file" 

80 INPUT " (e.g. COMO-O5.SFP ) "; F E %  

90 P R N ï  

100 P R N ï  "Enter the test parameters" 

110 INPUT " No. of ramp segments for loading (e.g. 100) = "; NUMSEG 

120 DIM LGTH(NUMSEG), ENDLVL(NüMSEG) 

130 INPUT " Gauge length (mm) = "; LGTH(0) 

140 INPUT " Max expected true strain = "; STMAX 

150 INPUT " Tme strain rate (sec-1) = "; STRATE 

160 TIMEWCR=STMAX/(STRATE*NUMSEG) 

170 OPEN "O", #1, FIL$ 

180 PRiNT#l, " SHAPE=", " ramp" 

190 PRiNT#l, " Time", " Level-Datal" 
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200 PRINT#l, 

210 PRINT#l, " sec", " mm" 

220 PRINT 

230 PRINT " Time incr", " Endlevel", " Ramp rate" 

240 PRINT " (sec)", " (mm)", " (mmlmin)" 

250 FOR 1=1 TO NUMSEG 

260 LGTH(I)=LGTH(O)*EXP(-IlNüMSEG*STMAX) 

270 Eh'DLVL(I)=LGTH(I)-LGTH(0) 

280 RMPRATE%GTH(I)-LGTH(1-I))/rIMEINCR*60 

290 P m  USING " ###.#fi# "; TIMEINCR, ENDLVL(I), RMPRATE 

300 PRINT#l, USING " ###.### "; TIMEINCR, ENDLVL(1) 

3lONEXT 1 

320 CLOSE #1 

330 PRINT " T h e  incr", " Endlevel", " Ramp rate" 

340 PRINT " (sec)", " (mm)", " (mmhin)" 

350 END 




