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Abstract 

This thesis exammes the influence of austenite potential and hot roll finish 

temperature on the evolution of microstructure in the ferritic stainless steel grade AISI 

430. In particular, it focuses on the influence of these variables on the hot band 

annealing behaviour of this steel. The material employed was obtained from 

laboratory and commercial heats. 

Two hot roll finish temperatures, viz. 600°C and 800°C for the commercial heats and 

two alloy compositions of austenite potential 11 and 61% for the laboratory heats 

were studied. Electron channelling contrast (ECC) obtained in scanning electron 

microscopy was used to follow the evolution of microstructure. Limited micro texture 

measurements were made using electron backscattered techniques. 

It was found that a low finish temperature produced a hot rolled microstructure that 

showed limited softening and a fully recrystallised microstructure after annealing 

while a high hot roll finish temperature produced a completely softened as-hot-rolled 

microstructure and only partial recrystallisation after annealing. 

A high austenite potential encouraged the ferrite phase to undergo extensive 

continuous recrystallisation during hot band annealing. However, the affinity for the 

precipitation of carbo-nitrides tended to play a role in slowing down the process. On 

the other hand, the ferrite phase deformed in the. presence of a low austenite content 

mostly underwent extended recovery during hot band annealing. The softening here 

was affected by a low driving force. The end microstructures after annealing were 

however similar in both cases in as much as they consisted of elongated structures. 

The martensite phase was found to behave similarly regardless of the austenite 

content, where both recovery to produce subgrains and occasional recrystallisation 

occurred. 



During final recrystallisation after cold rolling, the high austenite potential coupled 

' with a short hot band anneal time resulted in incomplete recrystallisation. This caused 

sharper alpha fibre texture components in the final sheet. A long hot band anneal time 

however resulted in sharper gamma-fibre texture components. In the case of low 

austenite potential, a long hot band anneal produced a random texture in the final 

texture. 

Ridging was observed in all cases but a high austenite content was found to lessen its 

severity. Also, it (ridging) was reduced by the random texture produced by long hot 

band annealing in the case where the austenite potential was low. 
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Chapter One 

Chapter One 

Introduction 

Introduction 

Ferritic stainless steels have become an increasingly important group of materials 

since World War II. They have presented an ever-increasing challenge to the long

established austenitic stainless steels in applications where the most stringent 

requirements are not encountered. In particular, their virtual immunity from stress 

corrosiOn cracking has led them to become a household name in the chemical 

industry. 

The most commonly used grade of these steels is the AISI 430. With a few alloying 

modifications, it has been used for automobile trim and similar purposes in which 

resistance to staining is the chief requirement e.g. kitchen sinks and domestic catering 

equipment. The main driving force behind the increased use of these materials is their 

cheapness. Compared to their austenitic counterparts, they are essentially free from 

the expensive nickel. 

The increased use of these materials has, however, been hampered by a few 

mechanical property shortcomings. Use as structural members, for example, is very 

limited because of their low toughness. The latter poor property is a consequence of 

the grain size and the embrittling effect of chromium dissolved in the body-centred 

cubic iron. These materials are almost entirely ferritic up to the melting point and 

during manufacture, develop very coarse grains as a result of their non-transformable 

nature. Their increased tendency to soften by recovery, producing subgrains, also 

helps perpetuate the formation of the coarse grains. 

These materials also have a low formability. In particular, during finishing processes 

like deep drawing, they have been known to develop rope marks on the sheet surfaces. 

The roping has been attributed to a crystallographic textural effect, with the 

unfavourable texture being developed during the hot rolling. 
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Chapter One Introduction 

Industrial remedial measures against these problems have concentrated on the 

encouragement of recrystallisation during the hot band annealing stage of 

manufacture. This project, undertaken in co-operation with Columbus Stainless Steel, 

Middleburg, South Africa, aims at doing just that. 

The objectives of the project are to study the influence of the following parameters on 

the evolution of microstructure: 

• Composition: 

The ferrite phase in a conventional AISI 430 ferritic stainless steel is known to 

recover during both hot rolling and the subsequent hot band annealing. Suggestions 

have been made by several researchers to the effect that the presence of austenite 

during the hot rolling of these steels could influence a deviation in the known 

response of the ferrite phase to the subsequent hot band annealing. The basis of this 

proposition comes from the fact that the ferrite phase with its 48 slip systems is softer 

than the austenite phase, which has 12 slip systems. During hot rolling, the hard 

austenite causes a partitioning of strain to the softer ferrite. As a result, the ferrite 

phase undergoes extensive deformation that leads to a higher amount of stored 

deformation energy. Also, the chances of introducing deformation inhomogeneities in 

the ferrite matrix become increasingly advanced, and the simultaneous existence of 

the inhomogeneities and the stored deformation energy could result in favourable 

conditions for recrystallisation of the ferrite phase. 

For this study, a MEDUSA Model (v. 3) (1) computer program was used to vary 

alloying elements in a basic 17%Cr ferritic stainless steel to produce heats for which 

the austenite potential varied between 11 and 61%. These heats were subjected to near 

identical hot rolling schedules in a laboratory before their response to hot band 

annealing treatments was evaluated. 

2 



Chapter One Introduction 

• Hot roll finish temperature: 

The hot roll finish temperature has been reported to have an effect on both the 

microstructure and the texture of a hot band after annealing. Gullen and Jones [2], and 

D Vanderschueren et al [3], studying low carbon steels established that a low hot roll 

finish temperature results in sharper textures. In a study conducted on laboratory 

rolled ferritic stainless steels by Wittridge and Knutsen [4], it was established that a 

low hot roll finish temperature led to complete recrystallisation after hot band 

annealing. 

This study was aimed at validating the observations in Ref. 4 as regards commercial 

application and two commercial heats with hot roll finish temperatures of 600°C and 

800°C respectively, were employed. 

3 



Chapter Two Literature Review 

Chapter Two 

Literature Review 

2.1: Description of Ferritic Stainless Steels (FSS): 

This is a term used to loosely refer to a group of steels with chromium (Cr) contents 

ranging from 11 to 25 % [5]. The designation "ferritic" is due to their structure in the 

annealed condition [6]. However, at high temperatures, a duplex austenite-ferrite (y 

and a) structure is possible. The basic Fe-Cr equilibrium phase diagram indicates the 

change in microstructure that occurs with increasing Cr content, fig. 2.1 below. 

2000~------------------------------------------~ 
·' 

1800"C 

a 

820"C 

Chromium (wt %) 

Fig. 2.1: Fe-Cr equilibrium phase diagram. [Ref. 7, pp. 212] 

The phase diagram can be manipulated by alloying. For example, the addition of 

interstitial elements carbon and nitrogen, which are strong austenite formers, extends 

the gamma loop of the equilibrium diagram. Fig. 2.2 below shows the effect carbon 

has on the phase diagram. 
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Fig. 2.2: Effect of carbon (0.05C) on the gamma-phase in the Fe-Cr phase diagram. 

[Ref. 7, pp. 213]. 

The most commonly used class of ferritic stainless steels is the AISI 430, which 

contains 17%Cr. Its applications range from the chemical industry, where it has been 

known to withstand chloride environments, to deep drawing applications e.g. 

household appliances. The latter use is as a result of their relatively good mechanical 

properties. The impetus for its increased use is partly derived from its low cost 

compared to the traditional austenitic stainless steels that contain nickel as an alloying 

element. Its extensive use is however hampered by industrial problems that are 

occasioned by its microstructure, chief among them being the ridging phenomenon 

that occurs when the sheets are either drawn or pulled in tension. 
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Chapter Two Literature Review 

2.2: Processing of Flat Products: 

Flat products from these steels are processed via the well-known thermomechanical 

processing route. It involves the continuous casting of molten metal into slabs. The 

slabs are hot rolled into strips that are commonly called hot bands. The strips are then 

batch annealed in box-furnaces, followed by pickling before cold rolling and final 

recrystallisation annealing. Fig. 2.3 below shows a schematic representation of the 

process. 

Fig. 2.3: Schematic diagram for thermomechanical processing of ferritic stainless 
steels (FSS). 

Stage 1 is continuous casting, 2 slab reheating, 3 hot rolling, 4 hot band anneal, 5 cold 

rolling and 6 the final recrystallisation anneal. The thermomechanical processing is 

such that a few parameters can be varied in order to inculcate desired properties in the 

finished sheet. The parameters varied include slab reheat temperature, hot roll start 

and finish temperatures and hot roll reductions, duration of hot band annealing, 

percentage cold roll reductions and time and temperature of the final recrystallisation 

anneal. 

The individual thermomechanical processes affect the microstructure of the final 

sheet. The following sections highlight, in a general sense, some of the changes that 

occur. 

6 



Chapter Two Literature Review 

2.3: The Deformation Microstructure: 

This microstructure is a result of the actual mechanical pressing encountered in both 

the hot and cold rolling processes. 

Deformation in ferritic stainless steels occurs by slip and involves the motion of 

dislocations. This is a thermally activated process that involves the overcoming of the 

Peierls-Nabarro stress on the dislocations. The homogeneity of the deformed 

microstructure depends on the number of operating slip systems, which are dependent 

on the deformation temperature. At low temperatures when few slip systems are 

operating because of the high Peierls-Nabarro stress, the deformation is localised and 

the resulting microstructure is very inhomogeneous. As the deformation temperature 

increases, the deformation becomes more homogeneous as a result of the increased 

number of operating systems. 

The relatively easy motion of dislocations at the high deformation temperature also 

allows them to aimihilate each other and to re-arrange into well-organised low angle 

grain boundaries. 

On the grain level however, the deformation could still be inhomogeneous even at 

high temperatures because different slip systems are operative in different grains. 

Also, neighbouring grains exert a constraint on each other, which influences shape 

change during deformation. This, coupled with the need to maintain contiguity during 

deformation, results in deformation processes that are different in various parts of the 

same grain. Since deformation is such that new grain orientations are developed, the 

factors above ensure that a polycrystalline material responds to deformation by 

developing orientations that are different from grain to grain and different from region 

to region within an individual grain [8]. 

The microstructural inhomogeneities that form during deformation are well 

documented and are classified below [8]: 

7 



Chapter Two Literature Review 

a): Deformation Bands: 

These are volumes of constant orientation(s) that are significantly different to the 

orientation(s) present elsewhere in a grain. Deformation bands almost always form 

with a double orientation change [8] and the region that comes between the 

orientations is called a transition band. . 

b): Microbands: 

These inhomogeneities are confined to single grains and appear as long thin plate-like 

features of finite thickness whose walls consist of dislocation assemblies in which 

dislocation are tangle. They are known for a relatively high interior dislocation 

content. 

c): Shear Bands: 

Shear bands form as narrow regions of intense shear and occur independently of the 

grain structure and also of normal crystallographic considerations. In rolled materials, 

they occur at ~35° to the rolling plane and parallel to the transverse direction. In 

slipping materials, shear bands form in colonies, in each of which only one set of 

parallel bands develops. The colonies are usually several grains thick and the bands in 

alternate colonies are in opposite sense so that a herringbone pattern develops. Any 

grain boundaries in the colony are crossed without deviation. The formation of shear 

bands is favoured by large grain size and the presence of interstitial (carbon and/or 

nitrogen) atoms. [9]. 

d): Grain Boundaries: 

The grain boundaries that exist before deformation give rise to inhomogeneity of slip 

and since different slip systems operate near them, they give rise to local 

misorientations. 

8 



Chapter Two Literature Review 

The formation of these inhomogeneities gams importance during subsequent 

annealing processes, during which the deformed metal undergoes some form of 

softening. 

2.4: Annealing Phenomena: 

The following processes can occur, either separately or concurrently during both the 

hot band annealing and the final recrystallisation treatment. 

2.4.1: Recovery: 

Recovery is said to occur when the dislocations generated by the plastic deformation 

occasioned by an applied stress arrange themselves into low energy cell structures 

whose interiors are relatively free of dislocations. Tangled dislocations make up the 

cell walls and the orientation difference between neighbouring cells is small, generally 

less than 2°. 

Annealing the cell structures allows further movement of the tangled dislocations at 

the walls into a more regular network. The walls then become low angle grain 

boundaries and this heralds the formation of subgrains. Fig. 2.4 below shows the 

transition from cells to subgrains where "messy" regions A and B have become 

regular dislocation networks after annealing. 

9• 



Chapter Two Literature Review 

Fig. 2.4: Transition from cells to network of subgrains (Ref. 8). 

Subgrain networks are fully defined by the orientation of each subgrain, orientation 

gradient and the wavelength of fluctuations of the misorientations of the individual 

sub grains. 

2.4.1.1: Subgrain Energy: 

The stored energy due to sub grains is given by [8] : 

Ed= 3 Ysl D =a Ysl R ................... ....... (1) 

where Ed is the energy per unit volume, D is the subgrain diameter, R is the radius of 

the subgrain, Ys is the specific energy for the low angle grain boundaries which 

comprise the subgrain walls, 3/D is the area of low angle grain boundary per unit 

volume, and a is a constant ( ~ 1.5). 

The importance of Equation 1 is that the formation of sub grains could be viewed as a 

metastable state, since they store an appreciable amount of deformation energy. 

10 



Chapter Two Literature Review 

2.4.1.2. Mobility of Subgrains 

Sub grains change shape via the migration of their boundaries. The migration occurs 

during either an applied stress or subgrain growth. 

a): Motion under an applied stress: 

Motion of sub grain boundaries under a stress have been found to account for dynamic 

softening by continuous dynamic recrystallisation in both microduplex [ 1 0] and 

ferritic stainless steels [11]. The growth of subgrains via boundary migration during 

the early stages of deformation of microduplex stainless steel causes an increase of the 

misorientations of subgrains. of the ferrite phase, converting them into high angle 

grains that undergo grain boundary sliding to produce the superplastic effect. 

Belyakov et al [11], in explaining the occurrence of dynamic recrystallisation in 

ferritic stainless steel, postulate that the merging of migrating low angle boundaries 

with subgrain boundaries of higher misorientation increase the latter's misorientation 

to the regime ofhigh angle grains i.e. e > 15°, where e is the misorientation. 

b): Subgrain Growth: 

This is a post deformation recovery process that is driven by the tendency to reduce 

the total area of low angle boundaries in a material. The driving force, F, is defined as 

the rate of change of the stored energy Ed with respect to the sub grain radius, R: 

dEd 
F=- ..................................... (2) 

dR 

The change in the subgrain size with time during isothermal annealing has revealed 

kinetics of the form: 

Dn- D0n = C t ........................................ (3) 

11 
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where n is a constant, c is a temperature dependent rate constant and D0 is the 

subgrain size at t = 0 [8]. Another version of this equation was found by Xiaoxu, et al 

[12] working on microduplex stainless steel, as a third power growth law: 

Dn ~ t. ................................................ (4). 

Subgrain growth is an important aspect of thermomechanical processing because it 

determines the eventual softening mode of the deformed material. Whole scale 

subgrain growth leads to softening by extended recovery. The resulting grains are 

elongated and of a similar size scale as the initially deformed grains. In a situation 

where only a few sub grains preferentially grow at the expense of the other sub grains, 

the growing subgrains can form recrystallisation nuclei that grow to produce smaller, 

equi-axed grains. The softening process in this case becomes recrystallisation, or more 

appropriately, discontinuous recrystallisation. 

The mechanism that best accounts for subgrain growth is that based on the migration 

of triple pointY junctions, fig. 2.5. When a triple point A is subjected to forces F1, 

F2, and F3 from 3 boundaries, the differences in F cause the boundaries to become 

curved (dotted lines) and to tend to migrate in the direction of the arrows so as to 

minimise their length. The triple point is thus forced to migrate and only stabilises 

when it reaches a position A' in which the boundaries are straight (dashed lines) and 

the angles are at equilibrium values (120°). 

Fig. 2.5: Migration of low angle boundaries. (Ref. 8). 

12 
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2.4.1.3: Effect of Subgrain Growth on Misorientation: 

Whether subgrain growth affects misorientation depends on the existence of an 

orientation gradient in the subgrain network. 

a). Growth in an Orientation Gradient: 

The orientation gradient, ~. is defined as the rate of change of orientation, 8, with 

respect to the subgrain radius, R: 

d 
~ = -8 ....................................... (5). 

dR 

As the subgrain grows, the misorientation increases. This increase results in the 

orientation of the growing subgrain changing from a low to a high angle regime 

heralding the formation of a recrystallisation nucleus or a high angle grain. Growth in 

an orientation gradient is thought to occur at deformation heterogeneities and has 

accounted for particle stimulated nucleation which occurs from a subgrain in the 

vicinity of a particle. 

b). Growth in the absence of an orientation gradient 

The effect of growth of subgrains in the absence of an orientation gradient on the 

misorientation is not clear. Xiaoxu et al [12] found a significant growth of the 

sub grains without any obvious change of individual misorientations and only a slight 

increase in the average misorientation. The wavelength of the fluctuations of the 

misorientations determined whether the orientation increased or decreased during 

growth. When the size of a sub grain was less than half the wavelength, growth led to a 

linear increase in the misorientation and vice versa. On the other hand, Humphreys 

[13] found that the average misorientation decreased as subgrains grew. 

13 



Chapter Two Literature Review 

The growth of subgrains in such a situation cannot alter the misorientation in the 

subgrain network appreciably. The low angle grain boundaries would be maintained 

and the resulting mode of softening would be extended recovery. 

2.4.1.4: Effect of Particles on Subgrain Growth: 

The presence of particles affects the kinetics of sub grain growth because the particles 

exert a pinning drag, first discovered by Zener, on the migrating subboundaries. The 

drag is related to the size of the particles through the following equation [8]: 

(6) 

where P z is the pinning pressure, F v the volume fraction of the particles, y is the 

boundary energy and r is the radius of the particles. 

A growing subgrain will have its effective driving force reduced as some is used to 

overcome the pinning pressure. The implication of this is that situations can arise in 

which the subgrain network is stabilised by the particles, forcing the deformed 

material to remain recovered after annealing. A coarsening of the particles however 

reduces the pinning pressure and a stabilised subgrain network would disintegrate. 

2.4.2: Extended Recovery and Continuous Recrystallisation: 

After the formation of subgrains, growth can occur on continued annealing. If the 

subgrain misorientations are small and the orientation change in a grain does not 

change very significantly during the subgrain growth, the subgrains would acquire 

progressively larger sizes. This is extended recovery. Eventually however, subgrain 

coalescence can occur to leave clear subgrain-free grains and a microstructure that 

consists of high angle boundaries. Such a situation is reminiscent of a recrystallised 

microstructure and the process of its formation is called continuous recrystallisation to 

14 
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differentiate it from discontinuous recrystallisation that requires both nucleation and 

growth. 

These processes have been found to occur during the annealing of alloys that have an 

accompanying precipitation of second phase particles. The coarsening of the particles 

allows the continued growth of subgrains because coarsening reduces their pinning 

effect. 

2.4.3: Recrystallisation: 

Discontinuous recrystallisation is defined as the formation of new strain free grains in 

certain parts of a deformed specimen and the subsequent growth of these to consume 

the deformed or recovered microstructure. It is a softening process in which the 

recovery of properties is complete. The process divides up the microstructure into 

recrystallised or non-recrystallised regions. It is made up of two consecutive regimes, 

nucleation and growth. Nucleation corresponds to the first appearance of the new 

grains in the microstructure and growth corresponds to the phase in which the new 

grains replace the deformed and/or recovered microstructure. These regimes affect 

both the homogeneity and kinetics of the recrystallisation process. They are random 

processes and the occurrence of, for example, nucleation in one part of the 

microstructure could be accompanied by the occurrence of growth in a different part 

of the same microstructure, and vice versa. 

2.4.3.1: Nucleation 

Nucleation is quantified by the number of nuclei per unit volume (N), of deformed 

structure. It determines both the size and orientation of the resulting grains. It is not a 

homogeneous process because it preferentially occurs at deformation heterogeneities. 

The strains encountered during thermomechanical processing favour a mechanism in 

which nucleation originates from a pre-formed nucleus to account for nucleation. 

15 
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This model states that recrystallisation originates from dislocation cells or subgrains 

which are present after deformation. These subgrains are either highly strained or 

relatively free of strain and occur in regions that have an orientation gradient. They 

undergo rapid growth by subgrain boundary migration that converts their low angle 

boundaries to the high angle regime. 

2.4.3.2: Growth 

The growth of the nuclei occurs via the migration of high angle grain boundaries. It is 

quantified as a growth velocity, v, or a growth rate, G': 

v = G' = MP ............................. (7) 

where M is the mobility of the high angle grain boundary (HAGB), and P is the net 

pressure on the boundary. 

The driving pressure, P d• for growth is provided by the dislocation density (p ): 

P =apGb2 
• d , a= 0.5 ...................................... (8) 

where G is the shear modulus and b is the Burgers vector 

The driving pressure is influenced by a number of factors, which are outlined below: 

a): Boundary Curvature, Pc: 

A boundary curvature resulting from a growing nucleus produces an opposing force 

P c· For a spherical new grain of radius R possessing a grain boundary of specific 

energy yb, P c is expressed by the Gibbs-Thomson equation below: 

(9) 
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The action of P c is such as to reduce the grain boundary area. The critical size Rc of 

the nucleus occurs when P c = P d and below it CRc) there would be no net driving force 

for recrystallisation. In essence therefore, a minimum amount of deformation is 

required to initiate and sustain recrystallisation. 

b): Deformation temperature and strain rate: 

When the deformation temperature and/or the strain rate are such that dislocation 

climb occurs, dislocation annihilation and re-arrangement occurs in the familiar 

recovery process and this lowers the density of the stored dislocations. 

The importance of this temperature and strain rate dependence of the dislocation 

density is that during hot rolling the amount of stored deformation energy would be 

far less than that stored after cold rolling. 

c): Precipitating particles: 

The effect of precipitating particles depends on their size and spacing. Closely spaced 

particles exert a significant pinning effect on migrating high angle grain boundaries 

known as Zener drag, P z: 

(10) 

where F v is the volume fraction of the particles, r is the particle radius and y is the 

boundary energy. 

If all these forces were to act in the early stages of recrystallisation, the net driving 

pressure, P, would then be expressed as: 

P=Pd-Pc-Pz·····························(ll) 
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The magnitude and distribution of P will affect the growth rate of the new grains and 

the homogeneity of the resulting microstructure. 

2.4.3.3: Size and Shape of new grains: 

The size of the new grains is a balance between the nucleation and growth processes. 

Smaller grains result when the number of nuclei is large as a result of a high 

nucleation rate. Since nucleation is not homogeneous, the distribution of grain sizes 

also tends to be inhomogeneous, being smaller at prior deformation inhomogeneities. 

The shape of the grains is primarily determined by the dimension of growth. Isotropic 

growth results in equi-axed grains. Anisotropic growth on the other hand, as results 

for example when particles are distributed anisotropically, leads to the formation of 

elongated grains. 

2.4.3.4: Quantifying the Kinetics of Recrystallisation: 

The extent of recrystallisation is described by the volume fraction of material 

recrystallised, Xv. Since it resembles a phase transformation, a plot of Xv versus time 

for isothermal experiments has the characteristic sigmoidal form, fig. 2.6 below [8]: 

Nucleation 

Log Time 

Impingement of 
growing grains 

Fig. 2.6: Characteristic curve for the kinetics of phase transformation. 

18 



Chapter Two Literature Review 

It has an incubation period before recrystallisation is detected which is followed by an 

increasing rate of recrystallisation, a linear region and finally a decreasing rate of 

recrystallisation when the growing grains impinge against each other. 

The first attempt at quantifying the kinetics of recrystallisation produced the now well 

known Johnson-Mehl-Avrami-Kolmogorov (JMAK) model whose defining equation 

IS: 

(12) 

where B = (f N' G')/ 4, f is a shape factor, N' is the rate of nucleation, G' is the 

growth rate, t is the time and n is the A vrami exponent. 

The A vrami exponent depends on the nucleation rate, N' and the dimension of 

growth. This model assumes that nucleation is random and hence is very idealised. In 

practice, the kinetics it stipulates are never achieved because of the distribution of 

inhomogeneities in the deformed microstructure. The non-random distribution of 

these inhomogeneities leads to the non-random distribution of both the nucleation 

sites and stored deformation energy and results in a growth rate that decreases with 

time. 

2.5: Tempering of Martensite: 

Ferritic stainless steels, as the name suggests, are meant to be entirely ferritic at all 

temperatures. However, the (a and y) two phase region exists in the Fe-Cr phase 

diagram when the amount of interstitials (carbon and nitrogen) exceeds 0.03% [14]. 

On rapid cooling, the austenite transforms to martensite. 

The type of martensite formed depends on the amount of carbon present in the steel 

[15]. Lath martensite forms in low- and medium carbon-steels and has a body centred 

cubic (bee) structure which transforms to a body centred tetragonal (bet) structure 
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when the amount of carbon exceeds 0.2%. The martensite units form in the shape of 

laths, grouped into sheaves or packets. The substructure in the laths consists of a high 

density of dislocations arranged in cells. 

Plate martensite forms in high carbon. The structure is bet but bee can also form. The 

martensite units form as individual lenticular plates whose substructure consists of 

very fine twins. The dislocation energy in plate martensite is lower than in lath 

martensite. 

The annealing of low and medium carbon martensite is a dual process that involves 

the concurrent precipitation of carbides and recovery and recrystallisation, [15, 16, 17, 

18]. The carbides, which initially precipitate as needles along lath boundaries and later 

in ferrite grains spheroidise with longer annealing times to reduce surface energy. 

Recovery occurs when the boundaries of the dislocation cells contained between lath 

boundaries and the random dislocations contained between them annihilate. This 

results in a low dislocation density acicular ferrite grain structure that resembles the 

lath-like units in the original martensite. 

A recrystallisation nucleus is formed when a recovered subgrain grows to acquire a 

critical radius that grows in the shape of a roughly spherical grain that absorb the 

tempered martensite matrix. Recrystallisation has however been noted to be very 

sluggish in the presence of high densities of carbides as would happen when the 

carbon content is high [16]. The carbides impede the growth of the recrystallised 

nuclei making the observation of recrystallisation very difficult, if not impossible. In 

such a case, the martensite remains recovered after annealing. 

2. 6: Hot Band Annealing of Ferri tic Steels: 

Hot band annealing during thermomechanical processing of stainless steels has been 

found to be beneficial since it ensures complete softening for the following cold 

rolling process [19, 20]. The annealing dictates the precipitation, size and distribution 

of carbides and produces the parent texture for the subsequent processes. 
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For ferritic stainless steels, this annealing is carried out as a batch process below the 

~~ temperature for times that produce microstructural changes that balance the 

properties of the sheet being processed. The complete softening is achieved through 

either recovery or recrystallisation. The latter is always sought for and whether or not 

it is achieved depends on the hot deformation parameters and the composition of the 

ferritic steel. 

The annealing of the ferrite phase immediately after hot deformation has had a 

number of studies dedicated to it. As early as the 1960s, a few studies had been 

carried out to establish the occurrence and kinetics of any softening processes, e.g. the 

work due to Gorczyca as quoted by Wusatowski [21]. The softening processes were 

found to have broad similarities to the phenomena occurring during the annealing of 

cold worked metals. The most important conclusion from these studies was the 

realisation that the kinetics of the softening process depended on the hot working 

parameters. R Wusatowski [21], working on both 18Cr- 8Ni austenitic and ferritic 

stainless steels, established that the kinetics of recrystallisation during the annealing 

after hot working exhibited the A vrami kinetics. The constants in the equation were 

found to vary with the anneal time, deformation temperature and the percentage 

reduction during the deformation. Apparently, the hot working conditions were 

important in determining the driving force for the recrystallisation. Indeed, R Legeut 

et al (as quoted in ref. 22) had demonstrated that prior deformation at temperatures 

higher or lower than some constant annealing temperature produced respectively 

slower or faster recrystallisation than that resulting from deformation at the annealing 

temperature. This fact was further reinforced by Glover and Sellars [22] by their work 

on vacuum melted and zone-refined a-iron deformed in torsion. They established that 

static recrystallisation in dynamically recovered structures was faster than that in 

dynamically recrystallised structures produced at the same working stress and 

temperature. They attributed this to a constant but uniformly distributed driving force 

in the former case compared to the latter. 
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Glover and Sellars [22] also established that the rate ofrecrystallisation increased with 

increasing deformation strain and strain rate. A similar observation was made by B A 

Hugaas, et al [23] during a study of the static and dynamic recrystallisation of a hot 

worked ferritic Fe - 3%Si alloy. The increased strain was thought to cause an 

increased internal strain and hence, stored deformation energy and also increased 

misorientation between subgrain boundaries. 

The use of increased hot roll reduction to cause recrystallisation during the hot band 

annealing of ferritic stainless steels has since gained acceptance and a few papers 

attest to this. Shindo and Furukawa [24] employed it during their study of the colony 

structure and its texture. They used two samples but gave one fewer hot roll passes for 

the same total hot roll reduction. Hardness measurements after annealing showed that 

it was softer than the sample that had been hot rolled with many passes. Also, its 

microstructure contained recrystallised grains even in the half thickness region. 

T Takeshita et al [25] simulated the hot working of a 17%Cr ferritic stainless steel 

using plane compression. Working in both the high temperature a-ferrite single and 

the (a and y) two-phase regions, they observed that the recrystallisation of the ferrite 

phase increased with raising strain. Their work also highlighted the importance of a 

stable, hard to deform, second phase in the ferrite matrix during deformation. The 

particles studied here were second phase gamma and decomposition product carbides. 

The hard-to-deform second phase was deemed beneficial because it substantially 

accelerated recrystallisation. They based their explanation of this observation on 

Cahn's version of the Avrami equation: 

X=l-exp (-2.S.G.t) (13) 

where X is the volume recrystallised, S the nucleation sites, G the grain growth rate 

and t the anneal time. The harder second phase was thought to increase the nucleation 

sites, S, because the dislocation density introduced by deformation near them, and 

hence the driving force, was higher. Also, in this case, the particles increased the grain 

growth rate, G, by purifying the ferrite matrix by lowering the C and N content in 
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solution. These interstitials tend to drag migrating boundaries. The importance of the 

time dimension in this equation was elucidated by Raabe and Ylitalo [26] in their 

work on the effect of hot rolling procedure on the texture of 17%Cr ferritic stainless 

steel. The recovery that was observed after annealing in a set of the samples for which 

hot rolling began in the two phase (a + y) region was attributed to the lack of hold 

time between rolling passes. This prohibited nucleation by limiting the incubation 

time. 

Work done by Y D Lee et al [27] on low carbon ferritic stainless steel also established 

that increased rolling reduction resulted, after annealing, in increased volume fraction 

of recrystallised grains. They also analysed the effect of hot roll finish temperature on 

recrystallisation and established that low hot roll finish temperature accelerated 

recrystallisation during annealing. The low hot roll finish temperature resulted in the 

formation of deformation bands which provided nucleation sites for recrystallisation 

during the subsequent annealing 

The encouragement of recrystallisation in ferritic stainless steels has therefore 

involved altering the hot deformation parameters like hot roll reduction, hot roll finish 

temperature and controlled rolling of the ferrite matrix in the presence of hard second 

phase particles. The effects could be tremendous and the recrystallisation could be 

obtained in a very short annealing time. For example, F. Robbe-Valloire, et al. [20] 

obtained recrystallisation after a 1-minute continuous anneal. 

2. 7: Texture in Ferritic Stainless Steel: 

Apart from modifying the macroscopic dimensions of a body, deformation also 

changes the orientation of the crystals of the material. The orientation changes are not 

random because the deformation occurs on the most favourably oriented slip system. 

As a result, the deformed material acquires a preferred orientation, hereafter referred 

to as texture. The texture becomes an important parameter because it controls the 

formability of the final sheet. 
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The different physical processes encountered during thermomechanical processing 

impart different textures on the material and, because of their sequential nature, the 

texture can continuously undergo a sequential modification. 

The most important textures in ferritic stainless steels (FSS) have been labelled a, y, 

and fJ and occur as fibres, table 2.1 [28]. 

r··-···········-··········-·········-··· .. -··················· ·····--.. ··--························································· .. ·····-·····,-. -=--------------------, 

~~~~~·-··--··-···- ~:~~~~.:-··-····-····t-1 c_om_p...,.-o_n_en_t_s ___________ ___, 
I a-fibre I < 1 1 0> II RD I {0 0 1}<1 1 0>, {1 1 2}<1 1 0}, 
, ! i 

! {1 1 1}<1 1 0> 

t·-;y=fihre ···-··--t·-{rT.T}7TN5·····-- ·[ {1 1 1}<1 1 o}, {111}<1 1 2> 

t···11·=fibre·-··--t<···a··a-f>7TR:D·----···[ {o o 1}<1 o O>, {o 1 1}<1 o O> (Goss). 
1...-·······----··--·········-·-·····-··-J..-............................ ----······-·-····---·····-···-··...I ________________ _j 

Table 2.1: Important textures in FSS. 

The a andy fibres contain the most important rolling/deformation textures while fJ 

fibre contains the most important shear texture [29]. They are formed to varied 

intensities during both the hot and cold rolling processes, [28, 30, 31, 32, 33]. 

The y fibre also contains the most important recrystallisation textures. These textures 

are dependent on a number of factors, most importantly the rolling reductions, mode 

of softening i.e. whether it is recovery or recrystallisation, and the presence and/or 

occurrence of particle precipitation during the annealing, [28, 31, 32, 35, and 36]. 

2.8: Phase transformation during thermomechanica/ processing: 

The occurrence of phase transformation results in the formation of transformation 

textures that have their origin in the orientation relationships between the parent and 

product phases of the transformation. The austenite-ferrite-martensite transformation 

has been found by experiment to follow the well-known Kurdjumov-Sachs 

relationship [31, 3 7]: 

24 



Chapter Two Literature Review 

(111 )austenite (y) II (11 O)ferrite (a) ; 

[ 1 -1 OJaustenite (y) I I [ 1 -1 1 ]ferrite (a)• 

Phase transformation is a process that can be used to control the evolution of texture. 

To be effective the scheduling is controlled such that the hot rolling is carried out in a 

temperature range in which only a single phase is stable. The phase transformation 

that occurs on cooling produces a texture in which no component is prominent. This 

has been shown to occur in low carbon steels [28, 36] hot rolled in the austenitic 

temperature range. The subsequent cooling to the low temperature ferrite results in a 

near random texture. Also, a diffuse texture was reported for 11 %Cr ferritic stainless 

steels as compared to their 17% counterparts subjected to a similar thermomechanical 

processing route [31 ], the reason being that the former underwent an appreciable 

amount of phase transformation compared to the latter whose ferrite phase is stable. 

This explanation shows the limitation of this method to 17%Cr ferritic stainless steels. 

However, compositional manipulation that allows the existence ofboth the ferrite and 

austenite phases during hot rolling could have the ferrite transforming from the 

austenite having a different texture from that of the non-transforming ferrite, an event 

that could result in a more random texture than that for a conventional ferritic stainless 

steel. Alloy additions that encourage higher austenite contents would amplify the 

situation. 

The transformation textures in ferritic stainless steels, obtained before by Raabe and 

Ylitalo [26], are summarised below: 

{112}<111>austenite(asdeformedstate) ~ {112}<110> martensite 

{ 11 0}<112> austenite (as deformed state) ~ { 111 }<112> martensite 
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'2.9: Recrystallisation Anneals during thermomechanical processing: 

Recrystallisation anneal processes are important not only for grain size refinement but 

also for controlling texture. The occurrence of recrystallisation leads to the formation 

of a recrystallisation texture that can be different from the preceding texture. The 

texture change, if it occurs, takes the form of rotation relationships that occur between 

particular parent and recrystallisation textures. For example, the a.-fibre {112}<110> 

has a 35°<110>//TD [30] angle axis rotation relationship with they-fibre component 

{111 }<112>. During recrystallisation the a.-fibre component can be replaced by they

fibre component. The role of primary recrystallisation in changing textures has been 

found in body centred cubic metals and alloys before, [24, 26, and 30]. Here, the cold 

roll component {112}<110> nearly completely disappears, accompanied by growth of 

the recrystallisation component {111 }<112>. A similar scenario was found by Raabe 

and Ylitalo [26] after hot band annealing 2 samples of the same heat of ferritic 

stainless steel that had been given different hot rolling schedules. The intensity of 

textures in one sample that was partially recrystallised was half the intensity in the 

other sample that was recovered. Also, the texture in the partially recrystallised 

sample was devoid of the a.-{001}<110>, which was the strongest component in the 

recovered sample. 

2.10: Surface Defects During Forming 

Final sheet products of thermomechanical. processing are almost always processed 

further by either stretching or deep drawing operations. These processes, apart from 

producing the final shape of the product, can also be accompanied by the formation of 

surface defects. 

Surface roughening is a general phenomenon that affects all materials, while roping is 

a unique case for just a few classes of materials e.g. ferritic stainless steels. Apart 

from producing an undesirable surface appearance, the occurrence of these 

phenomena limits the amount to which the forming operations can be done. 
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a): Surface Roughening 

Extensive literature on this phenomenon has established that the grain size is the most 

important parameter governing the extent to which it occurs. This is because it is 

caused by the grain rotation that occurs in response to an applied strain/stress. The 

mechanism [38, 39] is such that when the specimen is strained, surface voids nucleate 

and grow. At the same time, slip lines emerge and increase. Continued crystalline 

slipping accompanied by the contraction of the material in the thickness direction 

causes the surface grains to rotate in the direction of the major principal strain. Since 

neighbouring grams have different crystallographic orientations, strain 

incompatibilities exist between a grain and its neighbours. At the surface, this 

incompatibility causes grains to move in a direction normal to the surface, leading .to 
roughening. The peaks and valleys in the surface profile could be a result of the shape 

changes due to the shear [39] that accompanies stretching. 

The extent of surface roughening depends linearly on the grain size. This has been 

shown in experiments by Yamaguchi and Mellor, as referenced by Guangnam [38], et 

al and Fukuda, M et al as referenced by Becker [39]. Wilson, et al [ 40] found a similar 

relationship during biaxial stretching. 

Surface roughening is only a surface effect and does not go through the thickness of a 

specimen. It is specific to an individual surface [41]. It is reduced by reducing the 

grain size. The importance of discontinuous recrystallisation, which results in small 

grains after annealing, is therefore obvious. 

b): Ridging 

Ridging, also roping, has been a well-known phenomenon for more than five decades. 

It forms during stretching and drawing operations as corrugations or ridges, which 

extend over the whole sheet, parallel to the rolling direction (RD) regardless of the 

direction of the stressing [42]. It is distinguished from surface defects by the fact that 

the transverse section of such elongated sheets displays undulations with peaks on one 
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side of the strip coinciding with valleys (troughs) on the other side of the strip [43, 

44]. Fig. 2.8 below [ 45] shows the undulations that characterise a waved sheet plane, 

with the displacements of the opposite sheet sides occurring in the same direction. 

Superimposed on the wave are small ripples on a much finer scale. The waves of the 

profiles are not necessarily periodic. The distance between the ridges is in the 

millimetre range while their amplitude is in the micrometer range. 

20mm 

ND 

i~ RD 
5mm 

Fig. 2.8: The ridging phenomenon [45]. 

According to Chao [ 42], ridging should be expected for all directions of stressing. 

Experiments by Wright [44] however established that the amplitude of the 

characteristic transverse cross-section undulations was dependent on the orientation of 

the axis of the tensile strain with respect to rolling direction (RD). The amplitude was 

greatest for tensile elongation in the RD and decreased as the tensile axis diverged 

from the RD to a point where no undulations were apparent for the case of tensile 

elongation parallel to the transverse direction (TD). The difference in opinion seems 

to stem from the different proposals of the mechanisms of the ridging phenomenon. 

The literature concerning the mechanisms of ridging is very extensive but it suffices 

to say that the cause has been attributed to the differential yielding of the sheet under 

tension, as a result of microstructural and/or textural inhomogeneities. Proponents of a 

ridging mechanism based on microstructural inhomogeneities have employed the 

basic Hall-Petch equation to show that these microstructural inhomogeneities will 

result in different stress-strain responses during tensile loading. Sheppard and 

Ric~ards [ 41] account for ridging in a sheet obtained from hot rolled stock by citing 

the occurrence in bands, of austenite and ferrite. They found that scheduling processes 
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that led to the destruction of the bands and a homogeneous distribution of carbides 

resulted in a better surface quality. They argue that texture is only a contributing 

factor to the inheritance of the banded structure developed during hot rolling based on 

the fact that different textures respond to recrystallisation treatments differently 

because of the difference in the amount of stored deformation energy. Cube on face 

textures e.g. a- {1 0 0}<0 1 1> are difficult to recrystallise and help perpetuate grain 

size banding during thermomechanical processing. 

Chao [42], Wright [44], Takechi et al [46] and Harase, et al [47] proposed 

mechanisms that revolved around the texture of the sheet. They employed plasticity 

calculations to support their arguments. A very recent mechanism based on similar 

arguments is that due to Wittridge [ 45]. At first glance, it appears to be an 

improvement on the mechanism due to Harase, et al [ 4 7]. The new mechanism 

postulates that ridging results when there is an asymmetric distribution of texture 

components or plastic flow properties about the mid-plane of the sheet. This 

arrangement initiates the development of differential transverse strains about the mid

plane when the sheet is loaded in tension. The variation in transverse strain results in 

tum in a series of localised bending events which, on a macroscopic level, produces 

longitudinal corrugations and overall ridged surface morphology. It does not require 

that a single texture component be clustered in large regions through the thickness of 

the sheet. Fig. 2.9 below illustrates the mechanism. 
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Remedial measures to counter roping strive at obtaining as much homogeneity of 

microstructure and texture as possible. This in effect means reducing the contribution 

of the individual grain, band or colony to shape changes at the surface. The measures 

are classified into two groups, namely controlled scheduling and selective alloying 

[ 41] and almost always, thermomechanical processing involves both. However, in all 

the research works sampled, [24, 41 47, 50-54], the underlying aim was to encourage 

recrystallisation which, when it occurred, encouraged the formation of both a 

favourable texture and a homogeneous microstructure made up of small recrystallised 

grams . 

........................................ END ............................................. . 
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Chapter Three 

EXPERIMENTAL PROCEDURES AND MATERIALS 

3.1: Introduction: 

The experiments had two parts. The first part was designed to study the effect of hot 

roll finish temperature on the microstructures produced after hot band annealing. The 

second part was designed to evaluate the effect of the presence and amount of 

austenite during hot rolling on the evolution of microstructure in the subsequent 

thermo-mechanical processes and on the ridging characteristics of the final sheet 

material. 

3.2: Effect of Hot Roll Finish Temperature: 

The hot roll finish temperature has been reported to have an effect on both the 

microstructure and texture of a hot band after annealing. Gullen and Jones [2], and D 

Vanderschueren et al [3], studying low carbon steels have established that a low hot 

roll finish temperature results in sharper textures. In a study conducted on laboratory 

rolled ferritic stainless steels by Wittridge and Knutsen [4], it was established that a 

low hot roll finish temperature led to complete recrystallisation after hot band 

annealing. Since the industrial problems encountered in the use of ferritic stainless 

steels have been established to stem from the lack of recrystallisation during hot band 

annealing, Columbus Stainless Steel (Middleburg, South Africa) was interested in 

experimenting on the effect of varying the hot-rolling schedules on the microstructure 

of commercial heats and to this end, they provided the materials for this exercise. 

Two melts of ferritic stainless steel AISI 430 were cast to produce 2 heats of near 

identical composition. The heats were hot rolled after an homogenisation treatment at 

1 090°C for 6 hours and in each case, the finish· temperature was varied to give 2 
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different hot rolling schedules terminating at 600°C and 800°C. The total hot roll 

reduction was 95%. The heats were labelled C-600 and C-800 respectively according 

to the aforementioned finishing temperatures. The C here stands for commercial. 

The hot band annealing after hot rolling was a standard plant batch annealing 

treatment at 840°C for 6 hours. The samples were cropped at the end of each process 

stage, namely hot roll (1) and hot roll annealed (2). The alloy compositions in weight 

percentage are as shown in table 3.1 below. 

Heat C-600 C-800 

Carbon 0.035 0.048 

Sulphur 0.0047 0.007 

Phosphorus 0.020 0.021 

Manganese 0.62 0.59 

Silicon 0.51 0.45 

Copper 0.09 0.06 

Cobalt 0.03 0.04 

Titanium 0.006 0.006 

Molybdenum 0.01 0.02 

Chromium 16.53 16.57 

Nickel 0.17 0.44 

Aluminium 0.003 0.002 

Niobium 0.008 0.008 

Vanadium 0.11 0.10 

Nitrogen 0.0313 0.0258 

Boron 0.0003 0.0002 

Tin 0.011 0.008 

Antimony 0.001 0.001 

Lead 0.001 0.001 

Zirconium 0.001 0.001 
. . 

Table 3.1: Composition of commercial heats. All values m weight % . 
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Microstructural evaluation was done as a metallography exercise using electron 

microscopy as will be highlighted below. 

3.3: Effect of Gamma (Austenite) Potential: 

The ferrite phase in a conventional AISI 430 has been known to recover during both 

hot rolling and the subsequent hot band annealing processes. The lack of 

recrystallisation in the latter process has been known to be detrimental to the 

properties of the final sheet and in particular is thought to cause the ridging problem. 

Suggestions have been made by several researchers e.g. H J McQueen and group (55, 

56), to the effect that the presence of austenite during the hot rolling of these steels 

could influence a deviation in the known response of the ferrite phase to the 

subsequent hot band annealing. The basis of this proposition comes from the fact that 

the ferrite phase with its 48 slip systems is softer than the gamma-phase, which has 12 

slip systems. During hot rolling, the hard austenite causes a partitioning of strain to 

the softer ferrite phase. This results in extensive deformation in the ferrite phase that 

leads to a higher amount of stored deformation energy. Also, as a result of slip 

incompatibility [55], the ferrite-austenite interfaces become regions of high 

dislocation density [56] and these regions can enhance the formation of 

recrystallisation nuclei in the ferrite phase. 

There is also a chance that the presence of austenite could result in the development of 

new textures as a result of the subsequent phase transformation during cooling. The 

end textures would be the same regardless of the cooling sequence, that is, whether or 

not martensite is involved [37]. The change of textures could result in a change of the 

properties of the final sheet. 

The materials for this part of the project were also provided by Columbus Stainless 

Steel. They were hot rolled in the laboratory and attempts were made to provide as 

similar a hot roll finish temperature as possible. Five melts of ferritic stainless steel 

AISI 430 were cast into ingots to produce 5 heats of different compositions. The 
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compositions were intentionally varied according to a computer based Medusa Model 

(v 3) program [1] by introducing austenite forming elements other than nickel to 

produce austenite potentials varying between 11 and 61%. The ingots were reheated to 

and stabilised at 1150°C for 3 hours before hot rolling was begun, at the same 

temperature. The total hot roll reduction was 88% and the samples were air-cooled 

after rolling. The heats were labelled A through E following the aforementioned 

austenite potentials. They were provided as hot bands. The chemical compositions in 

weight percent are as given in table 3.2. 

Table 3.2: Chemical composition oflaboratory heats in wt. %. 

Although all the compositions are included in Table 3.2 and the relevant 

transformation temperatures were also determined for all the compositions, only heats 

A and E were selected for detailed microstructural and ridging analysis. This was 

primarily due to the amount oftime required for the microstructural analysis. 
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3.3.1: Dilatometry: 

Dilatometry experiments. were done to determine the Act transformation temperatures 

for all the laboratory heats using dilatometric equipment in the department that had 

been constructed in a previous project. Specimens of square cross-section 2.5 by 2.5-

mm and 50 mm long were used. The experiments were carried out under a vacuum 

and involved an initial heating rate of 20°C/min from room temperature to 600°C. 

Thereafter, the heating rate was 1 °C/min for a temperature increase up to 1 000°C. The 

change of heating rate was meant to enable good accuracy in determining the phase 

transformation temperatures. The dilatometer consisted of a K-type thermocouple for 

measuring temperature and a digital displacement transducer to monitor and record 

extension. Data acquisition was by a Windows based Diladata computer program [57] 

that also generated extension-temperature graphs that were used to determine Act 

temperature according to J Cure [58]. Fig. 3.1 below shows a typical dilation curve 

obtained in the temperature range near the Act for heat E. 
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Fig. 3.1: Typical dilation curve for heat E near the Act· 
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Table 3.3 below summarises the Act temperatures. 

Heat Act temperature (°C) Hot band annealing 
temperature (°C) 

A 930 880 

B 906 850 

c 908 850 

D 874 820 

E 832 780 

Table 3.3: Approximate Act temperatures of the laboratory heats. 

3.3.2: Hot band annealing: 

The annealing of the hot bands during the processing of ferritic stainless steels has 

been known to be advantageous for two reasons. Apart from allowing complete 

softening for the subsequent cold rolling, it also dictates the amount, size and 

distribution of any precipitates that may form [19]. This latter process could become 

an important factor in influencing the evolution of microstructure and texture during 

final recrystallisation, by causing particle stimulated nucleation. However, the 

concurrent precipitation and softening during hot band annealing could result in a 

slowing down of the softening processes [25]. 

Hot band annealing was done only for laboratory rolled heats A and E. It was carried 

out in a Naber Industrieofenbau D-2804 LilienthaVBremen laboratory furnace as an 

isothermal process. According to conventional practice, the annealing was done below 

the Act temperature, with an approximate 50°C margin as shown in table 3.3. The 

annealing times were chosen to be 10 min, 30 min, 2, 5, 10 and 20 hours. The extreme 

times could be used to simulate line and batch annealing processes. Prior to loading 

the samples, the furnace was heated up to the annealing temperature and left for 30 

minutes to stabilise. The samples would then be loaded and left to stabilise for five 

minutes before starting to count the annealing time in order to take into account heat 

up time as was calculated by Matheson [57]. Samples were cropped after each 
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annealing time for microstructural evaluation. A sample from heat A was cropped 

after annealing for 20 hours for orientation measurements. A similar exercise was 

done for heat E in the as-hot-rolled condition and after hot band annealing for 10 

hours. 

3.3.3: Cold Rolling and final recrystallisation: 

The samples for cold rolling were the laboratory heats that had been given hot band 

annealing treatments of 10 minutes and 20 hours at their respective annealing 

temperatures. Laboratory rolling was carried out on a Sundwiger Eisenhutte, W-ASEL 

laboratory rolling mill at the Columbus Stainless Steel plant in Middleburg. The total 

cold roll reduction was 80%. 

Final recrystallisation was a standard treatment at 820°C for 10 minutes in a Naber 

Industrieofenbau D-2804 Lilienthal/Bremen laboratory furnace followed by air

cooling. The specimens were loaded only after the furnace was stabilised at the 

annealing temperature for 30 minutes and counting of time was begun 5 minutes after 

loading. The samples were then cropped for microstructural evaluation and for ridging 

tests. 

3.3.4: Metallography: 

The microstructures of all the specimens were characterised usmg Electron 

Channelling Contrast (ECC) obtained in the scanning electron microscope. This 

method had been shown to be the most economical by Wittridge and Knutsen [ 4]. 

They showed that optical microscopy failed miserably to produce any discernible 

detail while TEM metallography gave the same information but at the cost of longer 

specimen preparation and samples much less representative of the bulk material. 

The interpretation of the ECC images was based on the contrast differences created by 

the presence of dislocations and misorientation in a microstructure. A uniform 
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contrast is obtained when a structure is relatively dislocation free. A change in 

contrast is produced by a misorientation across a boundary. High angle boundaries 

produce a more abrupt and definite contrast change compared to low angle 

boundaries. When dislocation arrangements are diffuse either as a result of poorly 

formed or coalescing subgrain boundaries, then a "mottled effect" is produced. 

Conventional metallographic techniques were used to prepare the samples. An 

automatic polishing machine, a STRUERS A/S, was used to grind the specimens up to 

a 4000 grit silicon paper and for final polishing. The ECC technique requires that the 

sample is in the polished condition but without the deformed surface layer. The 

removal of this layer was achieved by electrolytic polishing after final mechanical 

polishing. The electrolytic reagent was a solution of 10 ml of perchloric acid in 200-

ml acetic acid. The temperature was maintained below 20°C. A stainless steel cathode 

was used and the specimen was anodically polarised at 26 V d.c. for two minutes. 

Care was taken to avoid overpolishing which could introduce topographical effects. 

Electron channelling contrast images were acquired vm a solid state annular 

backscatter electron (BSE) detector (KE Developments Ltd.) fitted to a Cambridge 

S200 scanning electron microscope (SEM). Typical images were obtained at a 

primary accelerating voltage of 25kV with a conventional tungsten filament providing 

the electron source. Occasionally, a LEICA 440 SEM fitted with a lanthanum 

hexaboride (LaB6) filament was used to enhance the resolution of the image at higher 

magnifications. Again, the images were acquired via a solid state annular BSE 

detector at an accelerating voltage of 25 kV. The working distance was kept to less 

than 15 mm to enhance the collection of the back scattered electrons and hence to 

improve the quality of the images. 

Metallographic sections were prepared in the longitudinal (RD-ND) orientations as 

illustrated below and all micrographs in this thesis represent this orientation (RD = 

longitudinal, ND = vertical). 
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ND 

i TD 

c 
RD 0 

T -ND 

TD-RD 

Rolling 
direction 

RD-ND 

RD: Rolling direction: ND: Normal direction; TD: Transverse direction 

Fig. 3.2: Definition of a) axes and b) planar section notation. 

Attempts were made to quantify the gram size of the specimens after final 

recrystallisation. For each sample, SEM micrographs taken at two different 

magnifications and fields of view were employed. In light of some of the samples 

having banded microstructures, some measurements were given both as an overall 

average value and ranges quoting the lowest and highest values. The average value 

was computed using a circle and the ranges were obtained using directed straight lines 

as Heyn test lines. The values for the ranges are quoted as averages of readings 

obtained from four test lines. 

3.3.5: Misorientation Measurement: 

The measurement of local misorientations was done for heat A after 20 hours hot band 

annealing and heat E in the as-hot-rolled condition and after 10 hours hot band 

annealing. The areas of interest were both the prior martensite regions that had 

acquired a grain-like appearance, the elongated ferrite grains with a mottled contrast 

and the ferrite grains that contained subgranular structures after the annealing. The 

objective was to determine whether the regions were recovered or recrystallised by 

determining the level of misorientation between neighbouring points. 
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Use was made of a manual microtexture measurement system installed on a LEICA 

440 SEM similar to the one used in Ref. 45. Fig. 3.3 below shows a schematic 

diagram of the set-up of the components. 
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Fig. 3.3: Schematic of manual micro texture measurement [Ref.45]. 

The sample was loaded and the regions of interest were selected. Orientations were 

measured by positioning the electron beam within individual regions and the 

corresponding electron backscattered diffraction (EBSD) pattern was analysed. The 

beam was then moved to the neighbours of the point in question and the patterns 

obtained were qualitatively compared. For some regions the orientation data was 

stored in Miller index (hkl)<uvw> notation and Euler angle representations. They 

were then fed into another computer program for post processing to provide minimum 

misorientation curves. The minimum misorientation curves were evaluated as the 

relative misorientation between neighbouring orientations. Misorientations associated 

with recovered structures were considered to fall within 15°. 

3.3.6: Texture measurements: 

Bulk texture measurements were made in order to provide information about the 

microscopic processes that occurred as a result of the presence of austenite at rolling 

temperatures. Since the rolling and recrystallisation textures of a conventional ferritic 
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stainless steel and their development mechanisms are well known, any deviation 

would be deemed to stem from the austenite. The measurements were carried out on 

the sheet products after final recrystallisation. The sheets were obtained from samples 

that had been hot band annealed for 10 minutes and 20 hours. The near mid-section 

planes were used because they are more representative of the textures in the sheets. 

The measurements were performed at MINTEK (Council for Mineral Technology, 

South Africa), using a Siemens D500TT X-ray diffractometer fitted with a 

molybdenum anode tube and an Euler cradle. Textures were quantified via incomplete 

pole figures measured from an area of approximately 14 mm2 using MoKa1 radiation 

in back reflection mode. 

Due to the orthorhombic symmetry of the samples, the textures were represented in a 

reduced Euler space using angles <p 1, <p, and <p2• Orientation distribution functions 

(ODFs) were calculated from the three incomplete pole figures (110), (200) and (211) 

using the series expansion method Omax = 22) [59]. Only <p 1 constant sections at 

intervals of 5° were plotted. Density contours were plotted at 15% intervals where the 

contour value represents a percentage of the maximum "times random" value. Fibre 

diagrams demonstrating the major texture components along the a andy fibres were 

also constructed. 

3.3.7: Ridging Tests: 

Ridging tests were conducted on cold-rolled-annealed laboratory heat specimens that 

had been hot band annealed for 10 minutes and 20 hours. The specimens were 

machined to produce oo tensile axis (parallel the RD) and 90° tensile axis (parallel 

TD) orientations. A gauge length of 50 mm and a width of 28 mm were used. The 

thickness was approximately the final gauge thickness, which was about 1.4 mm for 

heat A and 0.98mm for heat E samples 
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The surface of each specimen was finally mechanically polished with 1 J..tm diamond 

paste to produce a surface smooth enough for surface profilometry. Tensile tests were 

carried out using a ZWICK universal tester equipped with a 200kN-load cell. Care 

was taken to correctly align the specimen axis with the machine axis. The test strain 

rate was 1 o-3 per second and the specimens were pulled to 20% strain. After the tests, 

the surface topography of the deformed samples was qualitatively characterised using 

an arbitrary visual rating scale. A Surtronic 3P surface analyser was used to obtain a 

surface roughness value for each specimen and to record corresponding upper and 

lower surface profiles for further characterisation of the variations in thickness . 

.............................................. END ................................................. . 
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Chapter Four 

RESULTS 

4.1: Effect of Hot Roll Finish Temperature: 

(Heats C-600 and C-800) 

Results 

The effect of hot roll finish temperature on the microstructures produced after hot 

rolling and the subsequent hot band annealing was studied using electron channelling 

contrast (ECC) in the scanning electron microscope. The interpretation of the 

microstructures was based on contrast effects as described by Wittridge and Knutsen 

[ 4]. Diffuse boundaries are generally associated with sub grains, whereas high angle 

grain boundaries produce sharp contrast. 

4.1.1: Microstructures of the as-hot-rolled samples: 

Fig. 4.1 (a) shows the general microstructure of heat C-600 in the hot rolled condition. 

The grain boundaries in the microstructure could not be discerned, the overall 

appearance was mottled and material flow lines, characteristic of cold deformation 

could be seen. A sub granular structure and bands of martensite like stringers emerged 

at high magnification, as shown in fig. 4.1 (b) below. 

(a). General microstructure 
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20j.Jm 

(b) . Sub granular structure at high magnification. 
Big arrows show bands of martensite stringers; Region F 
is an example of a highly deformed ferrite grain. 
Fig. 4.1: Microstructure of commercial heat C-600 in the 
as-hot-rolled condition. 

Results 

The microstructure for heat C-800 contained bands of regions with well-formed grain 

structures bordering thin elongated regions that resembled stringers of martensite. In 

addition, it was observed that there was a variation in the evolution of microstructure 

in the regions with well-formed structures as a function of the distance from the 

surface. Recrystallisation was observed near the surface but its intensity decreased 

rapidly with distance towards the centre, fig. 4.2 (a) below. Fig. 4.2 (b) shows the 

microstructure near the centre. The predominance of low angle boundaries in vastly 

elongated ferrite grains is obvious. It also shows that the martensite-stringers have a 

lath structure. 

Near surface is low part of micrograph. 
a) : General microstructure of heat C-800. 
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b): Low angle boundaries and lath-like structures 
Arrows show thin bands of martensite 

Results 

Fig. 4.2: Microstructure of commercial heat C-800 in the as-hot-rolled condition. 

4.1.2: Microstructures after Hot Band Annealing: 

The annealed microstructure of heat C-600 was made up of fully recrystallised, 

slightly elongated grains. Large and small grains occurred but grain size banding was 

not obvious. There was a small gradient in grain size moving from the surface to the 

centre where grains slightly increased in size. Fig. 4.3 below shows the general 

microstructure. 

Fig. 4.3: Microstructure of heat C-600 after hot banding annealing. 
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The annealing produced varying degrees of recrystallisation in the microstructure of 

heat C-800. Near the surface, the microstructure was fully recrystallised and was made 

up of small grains, while near the centre, elongated recrystallised grains occurred 

alongside narrow recovered regions. Grain size banding was prevalent and the grain 

size gradient from the surface to the centre was very obvious, fig.4.4 below. 

a). Microstructure near surface 
Lower part of micrograph shows subsurface region 

b). Microstructure near centre. 
Arrows show recovered regions. 

Fig. 4.4: Microstructure of heat C-800 after hot band annealing. 
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4.2: Effect of Austenite Content: 

(Laboratory Heats A and E) 

4.2.1: Microstructures After Hot Band Annealing 

Results 

The effect of austenite content on evolution of microstructure with annealing time was 

studied for heats A with an austenite potential of 11% and E with an austenite 

potential of 61% using electron channelling contrast (ECC) in the scanning electron 

microscope. The interpretation of the microstructures was based on contrast effects as 

described by Wittridge and Knutsen [ 4]. Diffuse boundaries are generally associated 

with subgrains, whereas high angle grain boundaries produce sharp contrast. In view 

of this, selective orientation measurements have been performed using electron 

backscattered diffraction (EBSD) pattern analysis. These measurements have assisted 

in confirming the overall microstructure developments. 

4.2.1.1: Heat A: 

The hot rolled microstructure consisted predominantly of large ferrite grams and 

martensite stringers whose structure appeared lath like. This general microstructure is 

represented in fig. 4.5(a). The ferrite structure far from martensite stringers had 

elongated low angle grains while in the vicinity of the stringers, the ferrite subgrains 

were smaller and equi-axed. Fig. 4.5(b) shows the size of primary ferrite subgrains 

near a martensite stringer while fig. 4.5( c) shows the size of the sub grains between 

martensite stringers. No incidence of recrystallisation was observed in the 

microstructure. 
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Mare martensite stringers in ferrite matrix 
a):General microstructure showing ferrite grams and 
martensite stringers 

(b): Variation of sub grain size as a function of distance 
from a martensite stringer 
A shows martensite stringer; B shows subgrains in 
primary ferrite grain 

Results 
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(c): Size of subgrains in primary ferrite that comes 
between martensite stringers. 
C shows subgrains in primary ferrite grains between 
martensite stringers. Note that they are smaller compared 
to those in region B of (b) above. 

Results 

Fig. 4.5: Low angle grain boundaries in primary ferrite. (Hot rolled 
condition) 

ANNEALING AT 880°C 

After annealing for ten minutes, the subgrains in the prior ferrite, away from the 

martensite stringers became fuzzy, exhibiting a phenomenon popularly called 

mottling, [ 4],(fig. 4.6(a)). Near the martensite stringers, the sub grains had a 

comparatively better definition. There was an occasional static recrystallisation event 

in the primary ferrite between prior martensite stringers as shown in Fig 4.6 (b). The 

martensite was tempered and stringers of fine subgrains could be seen. 
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a). Mottled effect in some pnor ferrite subgrains. (10 
minutes) 
Arrows define approximate high angle boundary; Region 
D shows example of mottled effect 

b). Statically recrystallised grains and fine sub grains of 
tempered prior martensite (1 0 min) 
E shows static recrystallisation in primary ferrite; F shows 
stringer of fine sub grains from prior martensite 
Fig. 4.6: Microstructure after annealing for ten minutes. 

Results 

Annealing for 30 minutes resulted in more recrystallisation events in the prior ferrite 

regions with the grains appearing elongated in the rolling direction (RD). The 
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fuzziness in most of the primary ferrite grains was seen to persist even though the 

structure seemed to be getting more organised. These subgrains were elongated and 

their boundaries were straight and ran parallel the rolling direction (RD), Fig 4.7(a) . 

Fig. 4.7 (b) shows a large elongated primary ferrite grain with subgrains having 

boundaries that are getting clearer. The upper part shows some recrystallised grains. 

Bands of subgrains from prior martensite can also be seen and are bigger compared to 

those in Fig. 4.6 (b). 

a). Straight boundaries in the sub grains of primary ferrite 
Bigger arrows show original grain boundaries; Smaller 
arrows show straight subgrain boundaries 

b). Recrystallisation events in primary ferrite grains and 
stringers of sub grains from prior martensite. 
Arrows mark stringers of sub grains from prior martensite; 
G is a large elongated primary ferrite grain exhibiting 
mottling; H shows a string of statically recrystallised 
primary ferrite grains 
Fig. 4.7: General microstructure after 30 minutes. 
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The level of recrystallisation in the primary ferrite did not seem to change much after 

annealing for 2 hours. Growth of the recrystallised primary ferrite grains in the normal 

direction (ND) was minimal and the grains were elongated in the RD. There was an 

increased perfection of the substructure in the unrecrystallised primary ferrite grains. 

The subgrains consisted predominantly of boundaries running parallel to RD. The 

mottling effect was increasingly becoming rare, fig. 4.8 (a) . The primary ferrite grains 

near prior martensite stringers were seen to be bigger. The average size of the 

subgrains in prior martensite did not change much. There was however the occasional 

tendency for some subgrain boundaries to become diffuse, fig. 4.8 (b). 

a). More organised subgrains in primary ferrite 
Arrows show examples of subgrains in primary ferrite 
grains having clear boundaries; I is an elongated 
recrystallised primary ferrite grain that is not showing 
growth in the normal direction (ND). 

52 



Chapter Four 

b). Blurring of sub boundaries of sub grains in pnor 
martensite. 
Small arrows show some subgrains in stringer of 
subgrains from prior martensite; J shows an example of a 
region where subgrain boundaries are fuzzy; K shows an 
example of larger subgrains in primary ferrite next to 
martensite stringer that have replaced initially smaller 
sub grains 
Fig. 4.8: Microstructure after annealing for 2 hours. 

Results 

Straight long boundaries became prominent in the primary ferrite after annealing for 5 

hours. It is thought that these were the original high angle grains before rolling which 

have become more pronounced as a result of the decreased mottling effect. The 

sub grains of primary ferrite near martensite stringers were increasingly being replaced 

by a continuous subgrain-free region, fig. 4.9 (a) . The subgrain boundary fuzziness 

observed after annealing for 2 hours had cleared. The fuzziness of some of the 

boundaries of sub grains in prior martensite regions continued, fig. 4.9(b ). 
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a) . Straight boundaries in the grains of prior ferrite. 
Small arrows show straight original high angle boundaries 
in primary ferrite; Big arrows show stringer of subgrains 
from prior martensite. 

Results 

b). Continued fuzziness of boundaries of the sub grains m pnor 
martensite. 
Long arrow shows direction of prior martensite region; 
Region L is an example showing subgrains in the 
martensite; M shows a few of the remaining subgrains in 
primary ferrite bordering martensite stringer. 
Fig. 4.9: Microstructure after annealing for 5 hours. 

The ferrite did not generally change much after annealing for 10 hours and the 

microstructure here was not appreciably different from that after 5 hours, Fig. 4.10 

below. However, the ferrite subgrains between martensite stringers coalesced to 

produce elongated narrower grains. These grains contained fading subgrain 

boundaries and appeared mottled. A qualitative analysis of the relative change of 
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Kikuchi patterns carried out in this regions revealed minimal pattern changes showing 

that they were at a very advanced stage of recovery. 

... 2001-Jm 

Subgrains in primary ferrite near martensite stringer. 
N shows narrower elongated ferrite grains from primary 
ferrite regions originally between martensite stringers; 0 
is tempered martensite stringers. 
Fig. 4.10: Subgrains in primary ferrite (10 hours). 

Incidences of recrystallised grains in the prior martensite stringers could be seen after 

annealing for 10 hours and were seen as grains having a sharp contrast. These grains 

formed with patterns of black dots, thought to have been carbides, in their interiors, 

fig. 4.11 (a) . Fig 4.11 (b) shows the resulting overall microstructure in which bands of 

small grains occur alongside big elongated primary ferrite grains. 

a). Recrystallisation in prior martensite 
P are recrystallised grains in prior martensite. Note that 
they contain patterns of dots that correspond to shape of 
subgrains that were replaced. 
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b). Bands of small grains from prior martensite 
Arrows show some of the grains in stringer of grains from 
prior martensite stringers; Ql shows a large mottled 
primary ferrite grain while Q2 shows a primary ferrite 
grain that still contains subgrains. 
Fig. 4.11: Grains from prior martensite (10 hours). 

Results 

Annealing for 20 hours did not seem to produce any change in the primary ferrite 

grains. Elongated subgrains with straight boundaries could still be seen as were grains 

with a mottled contrast. These were grains in which subgrain coalescence was very 

advanced to the point where subgrain boundaries were indiscernible. A few subgrain 

free grains were also seen, Fig. 4.12(a). Fig. 4.12(b) shows the general microstructure. 

This microstructure consists of primary ferrite grains that have undergone continuous 

recrystallisation, mottled primary ferrite grains, and prior martensite stringers that 

have both recovered and recrystallised. The determination of misorientation in the 

primary ferrite regions revealed that the grains with a mottled contrast had a near 

constant Kikuchi pattern. Fig. 4.12(c) shows a sample region that was evaluated. A 

linescan carried out in a region with subgranular structures produced the relative 

misorientation curve in Fig.4.12( d). The relative misorientation was observed to be 

low, in the range oflow angle grain boundaries. 
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a). Network of subgrains in prior martensite stringers (20 
hours). Arrows show grains from prior martensite 
stringer; R shows elongated primary ferrite grains; S 
shows a clean subgrain free. 

b) . General microstructure (20 hours) 
Arrows show prior martensite stringer now made up of 
recrystallised and recovered regions; T is a continuously 
recrystallised primary ferrite grain; U are mottled primary 
ferrite grain 

Results 
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c): Region sampled for misorientation change (Measurement along line). 
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d): Relative misorientation curve of sampled region in c) above. 
Fig. 4.12: Microstructure after annealing for 20 hours. 

120 140 

In summary, after annealing for 20 hours, the primary ferrite exhibited limited 

continuous recrystallisation and extensive extended recovery. The prior martensite 
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stringers underwent both recovery and recrystallisation. The microstructure produced 

consisted predominantly of elongated grains. 

4.2.1.2: Heat E: 

The hot rolled microstructure consisted of layers of lath martensite and elongated 

ferrite grains that had clearly delineated equi-axed subgranular structures as shown in 

Fig. 4.13 (a). Fig. 4.13 (b) shows a region where Kikuchi pattern evaluations were 

carried out in order to determine the state of the subgranular structures in the ferrite 

grains. This was carried out as a linescan, with points spaced 5 microns apart. Three 

rows, also 5 microns apart, were evaluated. Fig. 4.13 (c) shows the relative 

misorientation curves for each row. The trend in the relative change of the minimum 

orientation from one data point to the next along each row is for it (change) to be 

relatively low, certainly less than 15°. This observation shows that the subgranular 

structures were subgrains. The high change in the vicinity of 45~-tm in each row is 

thought to represent an original high angle grain boundary. 

a): SEM micrograph of hot rolled "E" 
A shows a martensite region; B shows fine subgrains in 
ferrite band. 
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Data File Names: Hote-r1 (row 1), Hote-r2 (row 2), Hote-r3 (row3). 

Sample E Hot Rolled Condition 

b): Ferrite region sampled for misorientations. 
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c): Relative misorientation curve for ferrite region in b) above 

Fig. 4.13: Microstructure and misorientation in the ferrite phase of hot rolled ' E' . 
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ANNEALING AT 780°C: 

Annealing for 10 minutes produced well-formed subgrains in the microstructure ofthe 

martensite. Sections of a few of the elongated primary ferrite grains seemed to clear 

up, losing sub grains in the process to acquire the appearance of recrystallised grains. 

However, this was a rare occurrence and except for the appearance at the subgrain 

boundaries of dark spots, which were thought to be carbo-nitride precipitates, the bulk 

of the subgrains resembled those in the hot rolled condition. Precipitation was 

however most pronounced along the major grain boundaries. These processes were 

better picked up after annealing for 30 minutes as shown in Fig. 4.14 below. Here, a 

few of the primary ferrite regions appear mottled after their sub grains coalesced to the 

extent of disappearing. This was accompanied by an increased occurrence of 

precipitation along some subgrain boundaries and a copious precipitation along all the 

high angle grain boundaries. The martensite became tempered and acquired a 

subgranular structure with the sub grains forming in the direction of the lath units. In 

some regions however, the delineation of the subgrains was fuzzy. A few cases of 

precipitation along lath boundaries could be seen, as were regions that did not contain 

any subgrains. The latter regions were thought to. have been recrystallised. They 

seemed to bulge into tempered martensite regions. The curved boundaries between 

these recrystallised and tempered martensite will hereafter be referred to as 

recrystallisation fronts. 
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40~m 

Fig. 4.14: Subgrains in prior ferrite becoming less dense; emerging 
subgrains in prior martensite. (30 min.) 
Big arrow shows what appears to be martensite 
recrystallisation; Region B shows partial coalescence of 
subgrains in primary ferrite; C shows martensite recovery 
to produce fine subgrain structure; D shows 
recrystallisation front in martensite region. 

Fig. 4.15 below represents the general microstructure after annealing for 2 hours. The 

disappearance of subgrains in the primary ferrite had become increasingly common. 

The continuously recrystallised grains contained patterns of precipitates in their 

interiors that corresponded to the shape of the disappeared sub grains. The grains also 

had several precipitates at their boundaries. These are the grains marked E at the top 

and near the bottom of the figure. There are also primary ferrite grains with sub grains 

for example F. The precipitation of carbides was very advanced, as can be seen by the 

intragranular precipitates in the elongated primary ferrite grains, which now appear 

fragmented. The subgrains in the prior martensite had increased in size as can be seen 

in the near centre of figure (region H). Recrystallisation events in these regions had 

also increased and their action produced recrystallised grains (e.g. G) whose interiors 

contained more precipitate patterns but less precipitates at the grain boundaries than 

the grains from primary ferrite. 
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Fig. 4.15: Recrystallisation in both primary ferrite and 
prior martensite regions. (2 hours.) 
E shows continuously recrystallised primary ferrite grains; 
F shows primary ferrite containing subgrains; G shows 
recrystallising prior martensite; H shows tempered prior 
martensite. 

Results 

The subgrain network in the primary ferrite did not change appreciably after annealing 

for 5 hours. The subgrains in the prior martensite also did not show any discernible 

size change but recrystallisation continued as shown in fig. 4.16( a). Higher 

magnification revealed coalescing subgrains and the formation of precipitates within 

others, fig. 4.16(b). 

a). General microstructure (5 hours) 
Arrow shows boundary (recrystallisation front) between 
recrystallised and tempered martensite; I shows primary 
ferrite grains contammg subgrains; J shows 
recrystallisation in prior martensite 
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b). Coalescing subgrains in prior martensite (5 hours) 
Arrows show dots in subgrains of prior martensite that 
indicate subgrain coalescence 
Fig. 4.16: SEM micrographs after annealing for 5 hours. 

Results 

After annealing for 10 hours, most of the boundaries of the sub grains of the primary 

ferrite grains were observed to have become diffuse. These grains acquired a mottled 

contrast. Microtexture measurements revealed that these grains had Kikuchi patterns 

that changed little within them, pointing to the fact that they were highly recovered 

and about to acquire a state of continuous recrystallisation. The previously formed 

static recrystallisation (SRX) grains from the prior martensite regions did not seem to 

change shape on continued annealing. Fig. 4.17(a) shows the general microstructure. 

No substantial change in size occurred for the subgrains in other prior martensite 

regions. Instead, recrystallisation continued as shown in Fig.4.17(b ). 
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a). General microstructure (10 hours) 

a shows prior martensite regions; b shows some primary 
ferrite grains. The very elongated subgrain free grains, 
marked with asterisk are continuously recrystallised 
primary ferrite grains. 

b). Recrystallisation front in some pnor martensite 
regions. (10 hours). 
Big arrow shows boundary (recrystallisation front) 
between recrystallised and tempered martensite; K shows 
recrystallised prior martensite; L shows tempered prior 
martensite; M shows state of sub grains in primary ferrite. 
Fig. 4.17: SEM micrographs after annealing for 10 hours. 

Results 

The variation of misorientation in the unrecrystallised prior martensite regions was 

found to be a mixed event. While it was high in some regions, in other regions, it was 

characterised by a near identical Kikuchi pattern. This variation that reveals both high 

and low angle grain boundaries is deemed to point to the concurrent occurrence of 
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recovery and recrystallisation. Fig. 4.18 below shows one of the regions that was 

evaluated (a) and the corresponding curve of the variation of relative misorientation, 

(b). 

Data File Names: ane1D-r1 (row 1), ane1D-r2 (row 2), ane1D-r3 (row 3). 

Sample E Annealed for 10 hours 

a):Prior martensite region evaluated for misorientation. (After 10 hours annealing). 
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················· • 

•••...... / .·· 

.I 
J I 

...................... ·t ····· 

................. , .. 

Row3 

I \ o ~--~····~··H~_·········~; ~--~--~--~~ 
0 10 2.0 . 30 

Lmescan (rrucrons) 
40 50 

b): Misorientation curves for region in (a) . 
Fig. 4.18:Microstructure and misorientation in prior martensite region. 
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A few primary ferrite grams remained mottled after annealing for 20 hours and 

subdivision of elongated ones by precipitates was prevalent. However, most of these 

grains had undergone continuous recrystallisation. Recrystallisation in the prior 

martensite was very advanced and only few regions were observed to have subgrains. 

These subgrains in some regions had coalesced producing mottled grains. The few 

remaining subgrains were relatively unchanged in size and seemed to have 

precipitates on their boundaries. Fig. 4.19( a) shows the general microstructure. Fig. 

4.19(b) shows the mottling effect in both the primary ferrite grains and prior 

martensite regions. 

a): General microstructure 
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N shows coalescence of subgrains in prior martensite 
region producing mottled effect; 0 shows prior martensite 
region having subgrains; P shows mottling in primary 
ferrite, Q shows continuously recrystallised primary ferrite 
grains (grains very elongated). 
b): Mottling effect in both primary ferrite and prior 
martensite 
Fig. 4.19: General microstructure after annealing for 20 
hours . 

Results 

In summary, the primary ferrite underwent accelerated continuous recrystallisation 

that saturated after annealing for 5 hours. The precipitation of carbides was observed 

first at the subboundaries and then in the grains. This resulted in the elongated grains 

becoming fragmented. On continued annealing to 10 hours, grains that contained 

subgrains became mottled. The softening mode here was continuous recrystallisation. 

On the other hand, the martensite underwent accelerated tempering to form first well

defined sub grains after 30 minutes before the onset of recrystallisation. The growth of 

the recrystallised grains was confined to the rolling direction by the precipitates at the 

grain boundaries and this resulted in the formation of elongated grains. The sub grains 

grew on continued annealing but this seemed to saturate after 10 hours . No change 

occurred thereafter and some subgrains remained in the microstructure after annealing 

for 20 hours. The martensite exhibited both recovery and recrystallisation. 
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4.2.2: Cold Roll Annealed Microstructures: 

The annealing after cold rolling was a standard treatment at 820°C for all the samples 

and was carried out for 10 minutes. 

Effect of Hot Band Annealing Time: 

a) 10 minutes: 

The microstructure of the sample of heat A had obvious grain size banding, with rows 

of small grains alternating with rows ofbig grains, fig. 4.20(a). Except for a few small 

grains that appeared equi-axed, the grains in the microstructure were slightly 

elongated, fig. 4.20(b ). The grain ranged from the very small to the very big with sizes 

varying between 8 f..Lm and 100 f..Lm. 

a): General microstructure 
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b): Bands of small and large grains 
Fig. 4.20: General microstructure of heat A hot band annealed (HBA) for 10 min. 
after final recrystallisation. 

On the other hand, the microstructure of the sample of heat E consisted of bands of 

fully recrystallised very elongated grains and recovered regions interspersed with 

recrystallised regions. Grain size distribution was characterised as a clustering of 

coarse and fine grains, figs. 4.21(a) and (b). The average grain size was found to be 

about 8f.!m but grains far much bigger (100 f.!m) could be seen in the microstructure. 

a): General microstructure 
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b): 20 hours: 

b): Recovered region marked R 
Fig. 4.21: Microstructure for heat E, HBA for 10 min. 
after final recrystallisation 

The microstructure of the sample of heat A had several characteristics. The general 

microstructure appeared banded with small and large grains occurring alongside each 

other. The bands of small grains were not continuous and contained the occasional 

very big grain. The grain size in the banded matrix ranged between 6 f.!m and 15 f.!m. 

The very big grains averaged 50 f.!m in size. Fig. 4.22(a) shows the general 

microstructure. The very big grains were observed to have boundaries that seemed to 

bulge into the surrounding grains, showing that grain growth was taking place, fig . 

4.22(b). 

a) : General microstructure 
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b): Big grains (with arrow near micron marker) that 
appear to be growing 
Fig. 4.22: Microstructure of heat A HBA 20hrs, after final 
recrystallisation. 

Results 

The microstructure of heat E was made up of fully recrystallised grains that seemed 

straddled by parallel strings of carbides that were arranged parallel to the rolling 

direction. The grain size distribution appeared banded, fig. 4.23(a). Fig. 4.23(b), 

shows that some grains, especially the very black contrasted ones, seemed to be 

disappearing. The average grain size was found to be 6f.!m. 

a) : General microstructure. 
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4.2.3: Textures: 

b): Disappearing grains (Pointed with arrow). 
Fig. 4.23: Microstructure of heat E HBA 20 hrs, after final 
recrystallisation. 

Results 

Bulk texture measurements were carried out for samples of heats A and E after 

recrystallisation following cold rolling. The samples are those that had been hot band 

annealed for 1 0 minutes and 20 hours. The nomenclature used below is such that the 

first letter stands for the heat and the number stands for the duration of hot band 

annealing. 1 stands for 10 minutes and 2 is for 20 hours. 

The evolution of texture is marked by a number of differences. Sample A 1 reveals a 

major gamma fibre with a maximum at (111)[112], an equally strong Goss at 

(011)[001] and a minor alpha, fig.4.24 (a) . Sample A 2 shows a near random texture 

with traces ofboth alpha and gamma fibres and some cube, fig. 4.24 (c) . 

Sample E 1 shows typical deformation textures, with sharp alpha fibres having a 

maximum at both (001)[011] and (112)[011] accompanied by a minor gamma fibre, 

fig.4.24 (b). Sample E 2 on the other hand had gamma fibre as the major texture. The 

recrystallisation components (111)[110] and (111)[112] are both prominent. The alpha 

fibre is minor with (001)[110] only appearing as a trace, fig. 4.24 (d). 
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Figs. 4.24 (e) and (f) show the intensities of the major components on both the alpha 

and gamma fibres . The intensity decreases in the order E 1, E 2, A 1 and A 2. 
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4.2.4: Ridging Properties 

The photographs in Fig. 4.25 below show the appearance of the surfaces of the 

specimens after testing. For comparison purposes, the photograph of an aluminium 

alloy, A3002, which does not ridge is also shown. 

a). Heat A, HBA 10 min. (A 1). 

b). Heat A, HBA 20 hours, (A 2). 
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c). Heat E, HBA 10 min.(E 1). 

d). Heat E, HBA 20 hours, (E 2). 
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e). Al, A3002, standard non-ridging sample 
Fig. 4.25: Surface appearance of samples after tensile test. 

The surface profiles obtained for the specimens whose tensile axis is parallel to the 

rolling direction (RD) are as shown in fig. 4.26 below. For ease of interpretation, the 

profiles for upper and lower corresponding surfaces have been aligned and placed one 

below the other. It is noted that classical ridging does actually occur for all the cases. 
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d). Heat E, hot band annealed for 20 hours (E 2). 
Fig. 4.26: Scans from corresponding top and bottom surfaces 

The roping degrees, rated by an arbitrary visual scale, are given in table 4.1. 

Table 4.1. 

Specimen Rating Degree 

A1 5 Very Severe 

A2 3 Moderate 

E2 3 Moderate 

E1 2 Slight 

The scale ratings were as follows : 0 nil, 1 nil to slight, 2 slight, 3 moderate, 4 severe, 

and 5 very severe. Table 4.2 below gives the values of surface roughness for the RD 

and TD specimens. 
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Table 4.2 
r-·-·---··-···-····--.... - .... -····---······-········-·········-................................. - ....... - .......... _ .......... 1 
1 Specimen Ra (!lm) . 
I i 
t·· .............................................................. ·-·····-·-·······-········! 
i A 1 1.01 , 
I i 

. ; A 1, T I f:i"s·-···-·········-········----·····-·····-······--·······-·-······j 

1--·---···-·-·-····-··---··---j--·-···-····-···---····-····-······--······--···········1 
A2 i 0.63 1 

1·····-... ···-··-····--·····--······--·---l----------··--···-···--i 
2, T i 1.14 1 

i i 
i·········-·········-·-···---······-·-········-········--······-··-t····--··-··--··-·······-····----··-·-··-j 

E 1 i 0.58 : 
~--····-·-···--···-····-·-!--·····--·-····-·······-·····--····-·-·-·-! 
I E 1, T . 0.60 ' 
I i 
I·- E i... 0.60 -·······-······-······ 
! , ..... E.2,····T-···--·-· .. -- -··-·· ·6~43···--·-····-·-·····--········-····-·-·········--·· 

L..·---···----···-···--··-···--······-···.!. ........................................................................................ , ................................. : 
(T Transverse, 1 Hot Band Annealing for 10 min., 2 Hot Band Annealing for 20 
hours.) 

................................................. END ........................................... . 
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Chapter Five 

Discussion 

5.1: Effect of Hot Roll Finish Temperature (Commercial Heats): 

The hot roll microstructures show marked differences. The microstructure of heat C-

600 (fig. 4.1) is defined by metal flow lines and lack of grain structure at low 

magnifications. These features show that the microstructure was highly deformed and 

indicates that little softening occurred during the rolling and the subsequent cooling 

before annealing. Since softening processes are thermally activated, the limited 

occurrence of any is accounted for by the low hot roll finish temperature that acted to 

retard kinetics. The martensite stringers observed in the microstructure were formed 

during the rapid cooling of austenite after the last hot roll pass. 

The overall microstructure of heat C-800 in the as-hot-rolled condition was found to 

be banded. The whitish regions, which were shown at high magnifications to contain 

lath-like structures indicate the presence of martensite which formed during cooling 

after the last hot roll pass. The major part of the microstructure however exhibited the 

occurrence of some kind of softening, figs. 4.2 (a) and (b). The high hot-roll-finish 

temperature in this case facilitated the occurrence of softening. The softening was · 

however not homogeneous. It comprised of limited recrystallisation that was confined 

to the subsurface regions and predominant recovery in the major part of the sample. A 

similar evolution of microstructure has been reported before by Raabe and Lucke [31]. 

The recrystallisation at the subsurface is a result of the apparently higher Zener

Hollomon parameter there. This parameter is higher because deformation occurred at 

a slightly lower temperature, the sheet having been cooled during contact with the 

rolls. The result is a higher residual strain energy there that provides a higher driving 

force for recrystallisation. 
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After annealing, heat C-600 undergoes complete recrystallisation (fig. 4.3) to produce 

a microstructure in which grain size banding and the gradient in grain size from the 

surface to the centre are not obvious. The homogeneity of this microstructure is a 

result of the occurrence of homogeneous recrystallisation that was occasioned by the 

vast amount of stored deformation energy. Also, the hot roll finish temperature was 

low enough for the microstructure to be insensitive to any slight cooling effects at the 

surface. A similar evolution of microstructure was observed by Y D Lee et al [27]. 

This, they noted was because the low finishing temperature provided higher strain and 

deformation bands, both of which acted to favour the formation of uniformly 

recrystallised grains after annealing. 

The grain size banding observed in the microstructure of annealed heat C-800, (fig. 

4.4), was caused by a number of factors. First, the prior martensite regions could 

recrystallise to produce smaller grains. It is worthwhile to note the correspondence of 

the bands of small grains to the previous martensite bands. Also, the stored 

deformation energy would be expected to be low and its distribution inhomogeneous 

as a result of the advanced softening during the rolling process and the 

inhomogeneous nature in which it occurred. This would result in varying degrees of 

driving pressures within the microstructure that would result in varying degrees of 

recrystallisation. 

The small grains near the surface in the annealed microstructure of heat C-800 result 

from the cooling that occurs during contact between the rolls and the sheet. The sheet 

surface is deformed at a lower temperature and hence stores more deformation ,energy. 

Also, the friction during contact results in· shear deformation, and possibly, the 

formation of shear bands, which during annealing provide sites for the formation of 

more recrystallisation nuclei. 

The incomplete recrystallisation at the centre of this heat (Fig. 4.4(b)) goes to show 

that the amount of stored deformation energy here is less, deformation having taken 

place at a slightly higher temperature that allowed substantial recovery to take place. 

Also, the concurrent occurrence of recrystallisation and martensite~ferrite phase 
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transformation can retard recrystallisation. The accompanymg precipitation of 

carbides would pin any new grain boundaries that might have a tendency to want to 

migrate. 

The effect of hot roll finish temperature can thus be thought of as dictating the amount 

of deformation energy stored in the hot rolled metal. A high hot roll finish 

temperature reduces the work-hardening in the metal and reduces its stored 

deformation energy. The recrystallisation that occurs in the subsequent batch 

annealing is affected, either slowed or stopped from going to completion. A similar 

reasoning has been put forward before by Pouillard and Osdoit [60]. 

5.2: Effect of Austenite Content (Laboratory Heats): 

Microstructure has been known to dictate both the mechanical properties and the 

formability of ferritic stainless steels. For this reason, manufacturers of these steels 

have sought to manipulate it in order to optimise properties. This has met with 

difficulty because of the unimpeded grain growth of the ferrite phase that occurs at 

high temperatures due to the lack of phase transformations [26]. Also, these steels 

have been known to undergo recovery, both dynamic and static [21-23], that helps 

perpetuate the existence of elongated grains. 

It has been suggested that the existence of 2 phases (ferrite and austenite) during hot 

rolling could affect both dynamic and static softening processes, (55). The harder 

austenite phase would cause partitioning of strain to the softer ferrite phase. As a 

result, the ferrite phase would undergo extensive deformation that would result in a 

higher amount of stored deformation energy than would have the case otherwise. 

Also, the ferrite/austenite interfaces would become local regions of high dislocation 

density as a result of slip incompatibility (55). These inhomogeneous regions would 

enhance the formation of recrystallisation nuclei in the ferrite. 
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5.2.1: Effect of Austenite Content on Hot Band Annealing Behaviour: 

5.2.1.1: Laboratory Heat A: 

The microstructure in the hot rolled state in which elongated primary ferrite grains are 

seen to contain low angle boundaries [Fig. 4.5] is typical of recovery and in 

accordance with previous research work on the softening mode of the ferrite phase 

during both hot rolling and the subsequent annealing [21, 22, 25, 26]. The islands of 

martensite seen in the ferrite matrix formed during the cooling of the prior austenite. 

The lath-like structure is in accordance with the classification in Ref. 15 since the 

carbon content here was approximately 0.02%. 

The distribution of the size of subgranular structures in the primary ferrite in the 

microstructure is found to be inhomogeneous, being smaller in the cases where the 

ferrite bordered martensite stringers and comparatively larger elsewhere. This was the 

most obvious effect of the austenite. The smaller subgrains can be accounted for by 

the fact that partitioning of strain occurred during deformation. In this scenario, the 

ferrite near the martensite underwent preferential deformation because it is softer than 

the austenite from which the martensite formed. However, there were no recrystallised 

grains in the as-hot-rolled microstructure, and therefore, the increased apparent 

deformation in the ferrite regions was not sufficient to precipitate recrystallisation 

during and immediately after hot rolling. 

The annealing behaviour of the primary ferrite was inhomogeneous and depended on 

the location of the region relative to the martensite stringers. This inhomogeneity is a 

direct consequence of the distribution of subgrain size. The inhomogeneous 

distribution of subgrains implied that the distribution of stored deformation energy 

was also inhomogeneous, being higher where the subgrains were smaller, a 

consequence of equation 1. A few cases of static recrystallisation of the ferrite that 

came between prior martensite stringers were observed. The process took on the 
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appearance of discontinuous recrystallisation that involved first nucleation followed 

by growth. This seemed to saturate after annealing for 2 hours. 

The ferrite subgrains near martensite stringers softened faster than other subgrains in 

the primary ferrite grains. They were bigger after 2 hours, fig. 4.8(b ), and had fully 

coalesced after 10 hours, fig. 4.1 O(b ), to produce elongated mottled grains. This is due 

to their small size that implied a higher amount of stored deformation energy and 

therefore a higher driving pressure for softening. The mottling effect is associated 

with recovery [4] and its occurrence here means the subgrains coalesced to produce 

recovered grains. This recovery was confirmed by microtexture measurements when it 

was found that the relative Kikuchi patterns within this grains was very small. On 

continued annealing to 20 hours, most of these grains underwent continuous 

recrystallisation. 

For the ferrite subgrains far from martensite stringers, subgrain boundary fuzziness 

cleared only after annealing for 5 hours to leave original straight boundaries (Fig. 

4.9(a)). The softening kinetics here are slower because the stored deformation energy 

was low. Continued annealing to 20 hours caused only minimal boundary merging 

(Figs. 4.10(a), 4.1l(b) and 4.12(b)) and this left mottled grains in the microstructure. 

The annealing behaviour of the martensite stringers was characterised by first 

tempering to produce fine sub grains that got bigger with annealing time (Figs. 4.6(b ), 

4.7(b) and 4.8(b)). Subgrain boundary fuzziness was then observed after annealing for 

2 hours. It is thought that the fuzziness was caused by subgrain coalescence. Some 

recrystallisation was observed after annealing .for 10 hours. This could have been a 

consequence of subgrain coalescence that produced recrystallisation nuclei. However, 

whole scale recrystallisation could not occur because of the pinning of any mobile 

grain boundaries by precipitates. There is a chance that some nuclei overcame this 

pinning effect and grew into the primary ferrite grains that had undergone extended 

recovery. This occurrence could have contributed to the recrystallisation of primary 

ferrite observed in Fig. 4.12(b ). 
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The pmmng effect of these particles also explains why some of the martensite 

stringers remain recovered even after annealing for 20 hours. This annealing 

behaviour of martensite where it both recovers and recrystallises has also been found 

to occur in the martensite oflow carbon steels, [15, 16, and 17]. 

In summarising, the general annealing behaviour of the ferrite regions can be termed 

extended recovery in which subgrains form and grow through rotation ·and 

coalescence that produces grains that appear mottled even after annealing for 20 

hours. However, many grains show clear contrast which indicates that in many 

situations the extended recovery process has progressed to continuous 

recrystallisation. This is shown by the large elongated ferrite in Fig. 4.12(b). The 

martensite regions showed both recovery first and then some recrystallisation. 

However, the recrystallisation did not go to completion as a result of the pinning 

effect of carbides. 

A diagrammatic representation of the evolution of microstructure after annealing for 

20 hours is as shown in Fig. 5.1 below. 

Key: Subgrains 
Grains: 

Ferrite sub&rains 

Hot rolled condition 

artensite 

High and low angle grains from martensite 

Extended recovery in 
primary ferrite grains 

MicrostructUre after annealing tor 20 hours 

Fig. 5.1: Schematic showing the general evolution of microstructure in heat A. 
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5.2.1.2: Laboratory Heat E 

No recrystallised ferrite grains were observed in the as-hot-rolled microstructure. The 

small, clearly delineated subgranular structures in the ferrite phase of the hot-rolled 

microstructure were found after microtexture measurements to be subgrains. Recovery 

of the ferrite phase after hot rolling in the two phase (a+ y) region has been observed 

before, [25, 26, 61]. Raabe and Ylitalo [26] explained the recovery using the low hot 

roll start temperature and the lack of hold time between roll passes during the hot 

rolling. The two factors acted concurrently to cause the deterioration of nucleation 

conditions. The context of this reasoning was based on comparison to another sample 

that had undergone recrystallisation. The rolling of this sample had been started in the 

high temperature a-single region and rolling schedule had allowed hold time between 

roll passes. However, Yoshimura and Ishii [61] observed recovery in a sample that 

had undergone a one-pass hot rolling sequence in the high temperature a-phase. The 

lack of recrystallisation here was thought to have been caused by the low rolling 

reductions and the depletion of nucleation sites since the high temperature precluded 

the existence of they-phase that provided them [25]. The occurrence of recovery in 

the present case tends to amplify the reasoning in Ref. [25], that despite the high 

austenite content, its strain partitioning was insufficient to cause a large enough 

apparent deformation in the ferrite to precipitate recrystallisation. 

The subgrains in the hot rolled microstructure here are smaller compared to those in 

hot rolled sample A, (cf. Figs. 4.5 and 4.13). This is thought to imply that the ferrite in 

sample E underwent a higher apparent deformation than that in sample A despite 

similar total reductions in both cases. This deduction is based on the observation by Y 

D Lee, et al [27] and Masao Koike et al [62] where increased hot rolling reduction 

was observed to result in smaller subgrain sizes. Consequently, the ferrite in E will 

have a higher amount of stored deformation energy. 

The contrast of the ferrite subgrains decreased after annealing for 10 and 30 minutes, 

fig. 4.14 and there was a marked fading away of others. This is accounted for by 
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dislocations annihilating each other after they become mobile at the annealing 

temperature. 

The fading away of subgrain boundaries was advanced after annealing for 2 hours. 

Here, fig. 4.15, sub grain-free grains with heavy grain boundary precipitates had 

formed from ·deformed elongated primary ferrite grains. Their formation is deemed a 

classic case of continuous recrystallisation where subgrain boundaries evaporate on 

annealing. This behaviour of the ferrite was not observed during the annealing of 

sample A. The difference in behaviour results from the fact that the ferrite in sample 

A has a lower amount of stored deformation energy because the partitioning of 

deformation was minimal. The continuous recrystallisation however seemed to 

saturate after annealing for 5 hours and the interplay of a reduced driving force and 

the action of particles is thought to have been the cause. 

The occurrence of continuous recrystallisation aside, ferrite grains with subgrains still 

existed in the microstructure even after annealing for 10 hours, fig. 4.17 (b). Their size 

however seemed little changed, and this was a result of the action of the precipitates at 

their boundaries that pinned them to the extent of stabilising the sub granular structure. 

This structure disintegrated in some ferrite grains after annealing for 10 hours, in 

which case the sub grain boundaries became fuzzy. The fuzziness is a result of particle 

coarsening that led to a reduced pinning effect that allowed subgrain rotation and 

coalescence. 

Compared to the ferrite phase, the prior martensite regions appeared to follow a 

different softening mechanism. Sub grains had already formed after annealing for 10 

minutes and became well defined after annealing for 30 minutes to acquire the 

direction of the lath units, fig. 4.14. This fast recovery is due to the high driving force 

emanating from the elastic energy of the dislocations inherent in the martensitic 

structure. Similar kinetics were also observed by Caron and Krauss [18] working on a 

Fe-0.2%C lath martensite as an abrupt change in hardness after a very short annealing 

time. 
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The recovery, in some regions, of the lath units to form subgrains in was accompanied 

by the occurrence of poorly defined subgrain boundaries in some other regions 

producing a fuzzy contrast and the appearance of recrystallisation. · Fuzziness was 

associated with growth in the annealing -of heat A and its occurrence here would imply 

that the subgrains were already growing. That recrystallisation is occurring would also 

imply that a few subgrains had grown to acquire a critical radius that enabled them to 

change into recrystallisation nuclei. 

The subgrains within the martensite even though bigger, were still elongated after 

annealing for 2 hours, fig. 4.15, and for the first time, precipitates were seen on the 

lath boundaries. That the subgrains are unchanged in shape points to a pinning action 

as a result of the precipitates. The precipitates were observed [ 18] to form very early 

during annealing when transmission electron microscopy was used. The scanning 

electron microscopy and the magnifications used in this study failed to reveal them 

earlier. 

The subgrains within the martensite became equi-axed after annealing for 5 hours, fig. 

4.16. This seems to have been accomplished by subgrain boundary migration and 

evidence for this could appear to come from the observation of precipitates in some 

subgrains. The particles coarsened (underwent Ostwald ripening) and reduced the 

pinning force. This allowed the subgrain boundaries to break loose and migrate to 

leave the particles behind. 

Further annealing for 10 and 20 hours did not change the size of the sub grains, figs. 

4.17 and 4.19. Fig. 4.18(b) however shows that the boundaries were a mixture ofhigh 

and low angle boundaries. This behaviour of the martensite is similar to that of the 

samples of heat A. The recovery here is a result of the pinning effect of the particles 

as some were observed on the subgrain boundaries. There are indications that many of 

the sub grains started to coalesce after annealing 20 hours as shown in Fig. 4.19. 

A diagrammatic representation of the evolution of microstructure after annealing for 

20 hours is as shown in Fig. 5.2 below. 
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KEY: Subgrains: 
Grains: 

Fe "te subgrains 

Martensite 

Hot rolled condition 

Recrystallised grain 
in martensite 

Discussion 

Continuous recrystallisation 
in primary ferrite 

Recrystallised 
pnor 
martensite 

High and low an le grains in prior martensite (very 
thin lines show subgrains coalescing to produce 

mottled effect) 

Microstructure after annealing for 20 hours. 

Fig. 5.2: Schematic diagram showing evolution of microstructure in heat "E". 

Comparisons Between Heats A and E during hot band annealing 

The following comparisons can be made: 

• The ferrite subgrains in E are smaller compared to those in A. This is because the 

partitioning of deformation to the ferrite phase is greater in E. 

• The kinetics of the softening of the ferrite phase in A are limited by the driving 

force. Particle pinning of subgrain boundaries might have played a bigger role in 

heat E. 

• The primary ferrite in heat A shows signs of having undergone only extended 

recovery in some cases, whereas there is also evidence to suggest that some 

primary ferrite grains have continuously recrystallised. For heat E, the higher 

stored energy has led to continuous recrystallisation in most cases. 

• The end microstructures after annealing for 20 hours have elongated grains. 
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5.2.3: Microstructures after final recrystallisation: 

(Following Cold Rolling) 

Discussion 

The obvious grain size banding observed in the sample of heat A hot band annealed 

for 10 minutes is characteristic of the microstructures in these steels, ( cf. Wittridge 

and Knutsen [4], and Raabe and Lucke [31]). This banding has been attributed to a 

textural effect whereby some of the texture components formed during hot rolling are 

difficult to recrystallise. This reasoning seems to have relevance in this situation 

considering the microstructure after hot band annealing was only recovered. 

The clustering grains in the sample annealed for 20 hours is thought to have been 

caused by grain growth, typified by the occurrence of curved boundaries and a few 

very black contrasted grains that appeared to be vanishing, Fig. 4.22. 

The importance of the duration of the hot band annealing process is clearly 

demonstrated by heat E. The recovery at the grain boundary regions of the sample hot 

band annealed for 10 minutes [fig. 4.21(a)] was reminiscent of the behaviour of the 

high temperature prior martensite regions. That these regions could be actually 

tempered prior martensite regions implies that the recrystallisation kinetics were very 

retarded. The possible reason for this could be the concurrent occurrence of 

recrystallisation and precipitation of carbides which after they form, pin migrating 

subgrain boundaries to stop them from growing to form recrystallisation nuclei. 

The formation of both small and big aspect ratio grains in this sample is thought to 

have resulted from growth of new grains in primary ferrite and prior martensite 

regions respectively. A similar evolution of microstructure was obtained by Masao 

Koike, et al [62]. 

In contrast to this sample, the sample annealed for 20 hours had a fully recrystallised 

microstructure. The slight grain size banding observed is a direct consequence of the 
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distribution of carbides in bands after cold rolling. Grains coming· between closely 

spaced carbide bands would be smaller that those coming between bands far apart. 

The action of the carbides on pinning migrating boundaries can also account for the 

fact that some of the bigger grains were slightly elongated. Grain growth, too, seemed 

retarded and only a few grains appeared to be vanishing, Fig. 4.23 (b). 

Comparison Between A and E During Final Recrystallisation Following Cold 

Rolling: 

The comparison here could be better done as a function of the hot band annealing 

time. 

After 10 minutes hot band annealing: 

• Sample A underwent complete recrystallisation to produce a banded 

microstructure. Sample E on the other hand contains retained tempered martensite 

and has a microstructure that is partially recrystallised. 

• The recrystallisation kinetics in heat A are faster than in heat E. The reason for 

this could be the concurrent occurrence of recrystallisation and precipitation of 

carbides in sample E. The precipitation process retards recrystallisation because 

the precipitates that form produce a Zener drag on migrating boundaries. The fact 

that precipitation has a greater influence in heat E is due to the much higher 

interstitial content in this alloy, and hence the greater affinity for carbo-nitride 

precipitates to occur. It is expected that the precipitation process could not have 

been completed during the initial 10 minute hot band anneal, and in addition, 

those precipitates already formed would not have coarsened. 

After 20 hours hot band annealing: 

• The long anneal has coarsened the particles to such an extend that they have less 

influence on controlling recrystallisation and complete recrystallisation has 

occurred for both heats A and E. However, the grain size distribution is still 
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influenced by the inhomogeneous structures which occur in Figs. 4.12(b) and 4.19 

respectively. 

5.2.4: Evolution of Texture: 

The cold rolling of ferritic stainless steels produces a strong partial alpha fibre with 

maximum intensities at {001}<110> and {112}<110> and a weak complete gamma 

fibre with maximum intensities at {111}<110> and {111}<112>. During the 

subsequent final recrystallisation, the components on the alpha fibre, especially 

{112}<110>, tend to disappear while those on the gamma fibre, especially 

{111}<112>, grow. These two components have a rotation relationship of27°<110> 

[30] that allows the recrystallisation component to grow into the deformation 

component by growth selection. 

The above described texture evolution is well exhibited by sample A 1, (heat A hot 

band annealed for 10 minutes). Here, it is observed that the maximum in the alpha 

fibre is at (111)[110]. This texture doubles both for deformation and recrystallisation 

but its high intensity in this case is being attributed to the latter process. The gamma 

fibre plot also shows the expected maximum at the (111)[112] recrystallisation 

component. ·This component is in line with the microstructure in Fig. 4.20 which 

shows that recrystallisation had occurred. The strong (011)[100] Goss seen in the 

orientation distribution function (ODF) of this sample is attributed to the initial large 

grain size before cold rolling (Fig. 4.5). The large initial grains favour the formation 

of shear bands [9] in which the texture nucleates [33]. 

The textures of sample A 2, hot band annealed for 20 hours, are weaker than all the 

samples studied. The effects of deformation and primary recrystallisation, which 

dictate the strength of either alpha or gamma fibres, are diminished. This very random 

texture could be a consequence of bigger particles formed during the long hot band 

anneal that influence recrystallisation by causing particle stimulated nucleation. 

Holscher and Staubwasser [19] also noted asimilar effect in which longer annealing 

randomised texture. 
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The evolution of texture in the samples of heat E has been strongly influenced by the 

initial high austenite level. Sample E 1, hot band annealed for 10 minutes, shows 

typical deformation textures, with peaks at (001)[1-10] and (112)[1-10] on the alpha 

fibre. These textures are consistent with the initial microstructure before cold rolling 

that was largely deformed and by the microstructure after final recrystallisation 

following cold rolling (Fig. 4.21) which shows incomplete recrystallisation. Raabe 

and Ylitalo [26] have shown that the presence of a {112}<110> martensite component 

after hot rolling can be attributed to the formation of a {112}<111> austenite texture 

during rolling. Although the hot rolled texture was not measured in the present study, 

it could be postulated that the {112}<110> component was strong after hot rolling in 

view of the high initial austenite content. In view of the limited microstructural 

changes which occur in the martensite after annealing for 10 minutes, it can be further 

postulated that a strong {112}<110> component existed at the start of cold rolling. 

Further enhancement of this component, as well as the {001}<110> component, 

during cold rolling would produce a particularly strong a-fibre after cold rolling. Thus 

it is understandable that the incomplete recrystallisation observed in this case after the 

final anneal would promote the appearance of strong a-fibre components. In addition, 

since it seems that the areas which have not recrystallised most likely correspond to 

the prior martensite (very fine structures), it is not surprising that the {112}<110> 

component is particularly strong. 

The very low (001)[1-10] in sample E 2 typifies the evolution of texture after final 

recrystallisation in these steels. The prominence of (112)[1-10] on the alpha-fibre is 

attributed to the martensite-ferrite phase transformation and the prominence of the 

(111)[112] recrystallisation component on the gamma fibre is due to the complete 

recrystallisation after final recrystallisation following cold rolling, Fig. 4.22. 

The role of the second phase austenite in the evolution of texture is better analysed 

with the duration of hot band annealing in mind. For longer annealing times, the 

austenite is very beneficial in promoting the formation of sharp recrystallisation 

textures, especially (111)[112]. For shorter hot band annealing times, the gamma is 
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found to sharpen the deformation textures and to produce a slightly less intense 

(111)[112]. For the conventional ferritic stainless steel i.e. low austenite content as in 

heat A, increasing the duration ofhot band annealing randomises the texture. 

5.2.5: Ridging Properties: 

The aluminium sample was included to clearly show the phenomenon of surface 

roughening. In this case, it shows that in all cases during tensile deformation, a 

. surface roughness accompanies any other defect that may form. 

The use of grain size for analysing the ridging results requires caution. This is because 

the grain sizes were determined using the Heyn intercept method and a circle as the 

test line. The exercise did not put in consideration the grain size distribution, the level 

of recrystallisation and any effects of anisotropy in the grain shape. The grain sizes are 

the same for samples A 1 and A 2 but the grain size distribution in A 1 was banded 

and the grains were slightly elongated. The same goes for samples E 1 and E 2 where 

the former is partially recrystallised and has elongated grains while the latter is fully 

recrystallised and the grains are more equi-axed. 

The surface profiles for samples A 1 and A 2 are very different, with A 2 having 

fewer ridges than A 1, figs. 4.26 (a) and (b). The difference has been caused by the 

long hot band anneal given to A 2. The annealing encouraged the development of a 

very random texture in this sample. This random texture decreased the effect of 

textural inhomogeneity during deformation hence decreasing the severity of ridging. 

Samples A 2 and E 2 have been given the same ridging rate. This is because they 

contain the same number of ridges and their Ra values for the RD specimens also vary 

only very slightly, with that of A 2 being higher. The importance of this rating is that 

the conventional AISI 430 ferritic stainless steel can have its ridging properties 

improved by increasing the hot band annealing time. Also, the random texture 

produced as a result of the long annealing is as important a factor as an increase in the 
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austenite potential in reducing ridging. Sample A 2 however exhibited a more 

advanced surface roughening. This was a result of its larger average grain size, this 

being in accordance with Fukuda, Metal (as quoted in Becker (39)). 

The effect of the duration ofhot band annealing is found to have an opposite effect on 

ridging for heat E to that observed for heat A. The longer hot band annealing induced 

a poorer ridge rating for heat E. This observation has been shown before by Holscher 

and Staubwasser [19], Sheppard and Richard [41] and Masao Koike et al [62]. The 

effect seems to be linked to the precipitation of carbides, where the longer hot band 

annealing leads to bigger particles. The difference in the rating might have been 

caused by the homogeneity of the distribution of these particles. In E 1, the particles 

could have been randomly distributed while in E 2, they (particles) occurred in rows 

running parallel the RD. This would result in a highly pronounced anisotropy in E 2. 

Overall, the effect of austenite and long hot band annealing in reducing ridging has 

been clearly demonstrated. A higher austenite potential encourages the formation of 

strong gamma fibres while a long hot annealing treatment, in the case where the 

austenite potential is low, encourages the formation of random textures, during the 

final recrystallisation treatment. 

......................................... END ...................................................... . 
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Chapter Six 

CONCLUSIONS 

6. 1: Effect of hot roll finish temperature: 

The following observations can be made regarding the hot roll finish temperature: 

• Lower hot roll finish temperatures result in a greater retention of a deformed 

microstructure after hot rolling. 

• The microstructure obtained after annealing is more homogeneous for a low hot

roll-finish-temperature. This is because the distribution of deformation energy is 

homogeneous and recrystallisation is encouraged throughout. 

6.2: Effect of Austenite Content: 

a): On Hot Band Annealing behaviour: 

From the simulation of hot band annealing, the following observations can be made: 

• The presence of austenite increases the deformation in the neighbouring ferrite 

regions, and the higher the content the higher the deformation; 

• Extended recovery is the predominant mode of softening of the ferrite phase in 

heat A; 

• The ferrite phase in heat E undergoes restoration by continuous recrystallisation; 

• The annealing behaviour of the martensite regions in both A and E is the same. In 

both cases, subgrains are formed and especially for heat E, some subgrain 

coalescence occurs that sometimes resulted in the formation of recrystallised 

grains. 

• Elongated ferrite grain structures persist in both heat A and E after annealing. 
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b): On Microstructures after final recrystallisation: 

• A high austenite content coupled with a short hot band anneal time results in a 

partially recrystallised microstructure after final recrystallisation; 

• A high austenite content lessens the effect of grain size banding. 

• An increased austenite content decreases the average grain size. 

c): On textures: 

• For a short hot band annealing time, a high austenite content encourages the 

formation of strong alpha texture components while long hot band annealing 

encourages formation of strong gamma fibres, after final recrystallisation 

following cold rolling; 

• In the case where the austenite content is low, long hot band annealing randomises 

texture (as shown by sample A2). 

d): On Ridging Properties: 

Even though ridging was observed for all the compositions studied, in general: 

• A longer hot band annealing time decreases the tendency for ridging; 

• Increased austenite content is beneficial for reducing the severity of ridging . 

.............................................. END ................................................. . 
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