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Abstract 
Over the last few decades, the specifications for wrought aluminium products have 

become increasingly strict. Not only are the dimensional tolerances important, but 

also the material properties (strength, earing performance, corrosion resistance) 

must meet specified levels. The material properties are controlled by the 

microstructure. Hence the necessity for a modern aluminium plant to control the 

microstructure of the finished product through the processing parameters. 

This microstructure strongly depends on the microstructures produced during each 

of the processing steps. Therefore, it is necessary to control the microstructure 

throughout the production process. lt is thus imperative to know and model the 

influence of the processing conditions at each step. 

The present work focuses on one processing step: break-down rolling. During this 

step, the thickness of the ingot is reduced from 500 to 25 mm on a reversing mill. 

Compared with the other production steps, break-down rolling has not been studied 

extensively. One of the reasons for this is the absence of a laboratory technique 

that simulates this process accurately. During this work the Sheffield Mill for 

Aluminium Roughing at Temperature (SMART) was developed and it was proven 

that SMART can be used to simulate industrial break-down rolling. Furthermore, the 

data generated from SMART have been used to validate and refine a model from 

the literature. This model (developed at NTNU in Norway) predicts the evolution of 

the recrystallised fraction, the grain size and certain texture components throughout 

a multi-pass rolling operation. lt is shown here that the model predictions show a 

reasonable agreement with the results from SMART. Using the present 

experimental data, a set of recommendations to improve the model has been 

derived. 

Apart from the microstructural data, the experiments on SMART were also used to 

model the lateral spread that occurs during laboratory rolling. A new model is 

proposed that shows a better performance compared with the models that are 

available from the literature. 

The present work was carried out on AA3104 (AI-1Mn-1Mg) which is mostly used 

for the production of beverage cans. 
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1. Introduction 

The processing of aluminium has dramatically changed since Hans Christian 

Oersted produced the first aluminium in 1827 (1 ]. Modern aluminium mills 

throughout the world run on a 24 hour a day schedule. This makes full scale 

experiments and trial runs very expensive and hard to realise. Furthermore, the 

rolling parameters in an industrial mill are not easy to change or measure. However, 

it is very desirable to experiment with the conditions during thermo-mechanicc;tl 

processing to optimise the process. 

If predictive (computer-based) models were available and reliable, they would 

provide a useful alternative to full-scale experiments. For the thermo-mechanical 

treatment of aluminium, such models are not very well developed. Therefore, the 

use of laboratory simulation techniques can be extremely useful. By simulating the 

industrial process on a laboratory scale, insight can be gained regarding the 

outcome of full scale trials and hence the necessity for such trials will be reduced. 

Furthermore, based on the results of the laboratory simulations, better models can 

be developed to predict the behaviour of the material through the mill. These will not 

only help the day to day practice in industrial mills but also can aid the development 

of a better understanding of the metallurgy of aluminium during thermo-mechanical 

processing. 

The aim of the present work is to develop further existing laboratory simulation 

techniques and to use the results to validate and improve the models that describe 
• the microstructural development during the hot rolling of aluminium. 

Firstly, the industrial process has been closely studied. Specifically the first hot 

rolling step (break-down rolling) in the production of sheet material has been 

analysed. From this analysis it became clear that two techniques were specially 

applicable to gain a better understanding of break-down rolling. In this project these 

two existing techniques, rolling on a laboratory mill and plane strain compression 

testing, have been used to investigate the influence of some key parameters upon 

the microstructural evolution during break-down rolling. The influences of 

temperature, homogenisation practice and chemical composition on the 

microstructural development have been studied. The microstructure was 
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~haracterised using optical microscopy, resistivity measurements, X-ray diffraction 

and scanning electron microscopy. 

The results from the experimental simulations were then compared with predictions 

of models available from the literature. The models were then validated and further 

refined. 

All the experimental work has been carried out on AA3104 (AI-1Mn-1Mg). This alloy 

is mainly used for the production of aluminium beverage cans and is therefore . 
referred to as Can Body Stock (CBS). The industrial importance of this alloy is 

enormous, since beverage cans are a very important application for wrought 

aluminium. 

This thesis consists of five sections: 'Literature review', 'Experimental work', 

'Results', 'Discussion' and 'Conclusions and Further Work'. In the literature review 

the industrial process is analysed and the laboratory simulation techniques are 

discussed. This is followed by an overview of some existing models for hot rolling. 

The last part of this section discusses the microstructural development of AA3104 

during thermo-mechanical processing. In the 'Experimental work' section all the 

experimental details of this work are presented. The results of the experiments are 

summed up in the 'Results' section and then discussed and compared with the 

literature and the model predictions in the next section. In the final section the 

conclusions are drawn and a list of suggestions for further work is given. 
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2. Literature Review 

2.1 Industrial processing of can body stock 

2.1.1 Introduction 

Although the aluminium industry is not well known for its openness as far as 

production data are concerned, a general production schedule can be derived from 

the literature [2] [3] [4]. Figure 2.1 shows a flow chart for the production of can body 

stock (CBS). This figure also gives an indication of the thickness and the 

temperature of the material at each stage. lt must be noted that considerable 

differences from this overview may occur for different companies. 

Below a short overview is given of the main processing parameters of the different 

production steps. 

2.1.2 Fluxing, Casting and Scalping 

The mechanical properties and finishing characteristics of aluminium alloys are 

negatively influenced by non-metallic inclusions, alkali elements and hydrogen. To 

remove these inclusions, the molten metal is treated with a mixture of Ar/CI gas, as 

it flows from the melting furnace to the casting unit. The gas is put into the melt via 

spinning nozzles. The non-metallic inclusions attach on to the fine gas bubbles and 

will float into the dross on top of the metal. After degassing, the molten metal is led 

through a ceramic foam filter where any remaining non metallic inclusions adhere to 

the large surface area of contact. For CBS, the removal of these inclusions is critical 

since any particles larger than 1 00 J.Lm may cause holes in the final product. 

The aluminium is normally Direct Chill (DC) cast into ingots of approximately 

4700*1650*510 mm, weighing about 10 tons. The first patent for the vertical DC 

casting process was taken out by Ennor [5]. Figure 2.2 depicts the upper section of 

a DC-caster. At the start of the cast the mould is closed by the starter block. As the 

first of the metal is poured in, the starter block is lowered at a rate of several 

centimetres per minute. The water that cools the mould also sprays on to the 

surface of the emerging ingot to form a solid skin that contracts away from the 
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mould wall. After casting, the ingot is allowed to cool down to Room Temperature. 

To obtain the necessary surface quality, the skin of the ingot is milled away leaving 

an ingot of approximately 500 mm thickness. However, considerable differences 

from this procedure may occur at different suppliers. For instance, the initial 

thickness of the ingot can be as low as 300 mm. Obviously this will influence further 

processing. Also, the DC-casting technique has been refined into electromagnetic 

(EM) casting [6] (See figure 2.3). In this technique the water cooled moulds have 

been replaced by an electro-magnetic force, keeping the solidifying metal in its 

shape. Since there is no physical contact between the mould and the ingot, the 

surface quality will improve and thus decrease the need for scalping. 

When either DC- or EM-casting is used to cast CBS, the further processing roughly 

follows the production schedule from figure 2.1. However, several other production 

routes have been developed. For instance, the metal can be produced by 

continuous casting incorporating in line hot and cold rolling mills. Various 

combinations of wheels, belts and rolls have led to differing machines [6]. However, 

these routes do not represent the most common industrial practice to date and are 

beyond the scope of this project. 

2.1.3 Homogenisation 

Figure 2.4 shows a typical temperature history during the homogenisation of 

AA3104. This heat treatment can be carried out in different furnace types such as; 

soaking pits with top lids, pusher furnace with slabs on shoes or batch furnaces with 

slabs on rail cars. After the homogenisation the slabs can either be air-cooled for 

subsequent rolling at a different plant or transported directly (while hot) to the break­

down mill. 

2.1.4 Break-down rolling 

During the break-down rolling or roughing, the thickness of the initial ingot is 

reduced to about 25 mm. This reduction is achieved on a reversing mill in a number 

of passes. Some typical parameters of this process are shown in table 2.1 and will 

be discussed in this paragraph. The number of passes can vary from 9 to 25, 

depending on the size of the mill. The mill uses a combined coolant/lubricant of 

8 



soluble oil emulsion [7). The initial temperature is normally controlled by the 

temperature at which the slab leaves the homogenisation furnace. However, this is 

valid only when the homogenisation treatment is integrated with the rolling. When 

this is not case (for instance when the homogenisation is carried out at a different 

site} an extra reheat treatment before rolling is necessary. In the literature there is 

little information available about the temperature development during the break­

down rolling. Typically, the entry temperature is between 450 oc and 550 oc. At the 

initial stages, the thermal mass of the slab relative to its surface is so big that .it 

hardly cools down during the inter-pass times. During the deformation the surface of 

the slab is chilled by the rolls, but the centre of the material is not affected by this 

and some deformational heating takes place. Therefore, the surface heats up again 

just after the deformation. At the start of break-down rolling, the inter-pass times are 

governed by the time the mill takes to reverse. This is of the order of 1 0 seconds. 

Later on, as the slab increases in length, the actual rolling becomes the time 

consuming step. This makes the inter-pass times longer (up to 1 minute). Because 

of the length of the slab, the actual inter-pass times throughout the slab vary from 

head to tail. The initial head and tail ends have a short and a long waiting time 

alternatively, depending on the rolling direction. Only the inter-pass time of the 

middle does not suffer from this effect. Towards the end of the break-down rolling 

process (normally after the penultimate pass) the ends of the slab are sheared off 

since they can lead to laminations and surface defects. Because of the time that 

cutting takes, that specific inter-stand time is lengthened considerably to around 3 

minutes. 

2.1.5 Tandem rolling and inter-annealing 

The final hot rolling step is usually carried out in a tandem mill. Table 2.2 shows 

some typical parameters for this process. Compared with break-down rolling, 

tandem rolling is characterised by high strain an~ high strain rates during each 

pass. The number of passes is much lower and the inter-pass times are much 

shorter. After tandem rolling, the slab is coiled. To obtain a fully recrystallised 

structure before cold rolling, the coil can be annealed. This can either be done by 

just leaving the coil to cool down (if the exit temperature is high enough) or by 

placing it in a special furnace at around 350 oc for about one hour. 
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Since the capacity of tandem mills is much higher than that of reversing mills, some 

producers have two or three reversing mills upstream. 

An alternative way of reaching the final gauge before cold rolling is the use of so 

called Steckel mini-mills [7] [3]. In this type of layout the tandem is replaced by one 

reversing mill with two coilers on either end. This mill takes the ingot down to final 

hot rolling gauge. However, this production route is .beyond the scope of the present 

work and will not be discussed any further. 

2.1.6 Cold rolling 

In the cold rolling process the thickness is reduced to its final gauge of 0.25 mm. 

Normally the cold rolling is done on a three-stand tandem mill. The reduction per 

pass can be up to 60%, with speeds up to 2000 m/m in, roll loads up to 1000 t/m 

width using a power of up to 3000 kW/m. Kerosene is the normal coolant, with 2 to 

5% lubricant additives [7]. One of the key aspects in this process is the gauge 

control which should be within 5·10-e m [8]. Also the profile and shape control of the 

sheet are very important 

2.1.7 Stabilising 

After cold rolling, the coil is heated to approximately 150 oc. By doing this, the 

formability of the sheet is improved through partial recovery of the structure. By 

analogy with the inter-anneal after tandem rolling, this treatment may either be done 

in a separate furnace or may be integrated into the 'cold' rolling. lt must be noted 

that since recovery already occurs at this low temperature, it may also occur during 

further processing steps. Especially curing of lacquers after can making may induce 

some recovery, reducing the strength of the can [9]. 
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2.2 Physical simulation techniques for break-down rolling 

2.2.1 Introduction 

The objective of the physical simulation techniques used in this work is to simulate 

certain key aspects of the break-down process as closely as possible. Below, an 

analysis is given of the break-down rolling process from a simulation point of view. 

This analysis was used to choose and develop simulation techniques to study th.e 

microstructural and the mechanical behaviour. 

Some key figures for the industrial break-down process are shown in table 2.1. The 

following parameters should be mimicked correctly during the physical simulation: 

• Strain 

- Strain-rate 

- Strain (-rate) distribution 

- Inter-pass times 

- Temperature 

- Friction conditions 

These parameters are critical since they all have a strong influence on the 

microstructural development. In this project it was decided to use a laboratory mill to 

simulate break-down rolling. Each parameter is discussed together with the 

possibilities and or problems to simulate it on a laboratory mill. 

lt is essential to use the right definitions for these parameters. In the literature there 

is sometimes confusion about the exact definition of stress and strain. To be able to 

compare the results from different testing modes (i.e. plane strain compression 

versus tensile testing), it is essential to use one definition. In the present work, all 

stresses and strains are given as equivalent true stress (cr) and equivalent true 

strain {E), and all the parameters that are derived from cr and E, such as the strain 

rate (E) and the Zener Hollomon parameter {Z) are given as their 'true' values. 
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lt is common practise to define all tensile stresses and strains as positive and their 

compressive equivalents as negative. In the present work, only compressive 

deformations have occurred, therefore the negative sign is omitted. 

2.2.2 Strain 

When a material is deformed under plane strain conditions, the plane strain (s') is 

given as [1 0]: 

h 
s'=ln-' 

ho 
(2.1) 

Where h0 and h, are the thickness of the slab before and after the deformation 

respectively. Assuming ideal plane strain (i.e. no lateral spread) and applying the 

von Mises criterion, the true strain can be calculated from this using equation 2.2 

[10]: 

2 I 2 hf 
s=-·s=-ln-

../3 ../3 h0 

(2.2) 

Equation 2.2 assumes the strain to be homogeneously distributed throughout the 

thickness of the specimen. 

Equation 2.2 is equally valid to either calculate the strain per pass or the total strain 

over any number of passes. In break-down rolling the accumulated strain can be as 

high as 3.5. Given the maximum and minimum gauge that can be achieved on the 

laboratory mill (50 and 2 mm) such a total strain is feasible for this technique. 

2.2.3 Strain-rate 

A first order estimate of the instantaneous strain rate throughout the roll gap can be 

derived from the geometry of rolling [1 0], assuming sticking friction conditions, as: 

E = ~(dh) ·{_!} = ~(2·V·Sin0)·{ \ )} (2.3) 
v3 dt h v3 h, +2·RR · 1-cose 
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Where RR is the radius of the work rolls and e is the angle subtended at the centre 

of the roll (see figure 2.5). The peripheral speed of the work roll (v) is given by: 

(2.4) 

Where s is the speed of revolution of the rolls. To calculate the mean strain rate ("E) 

on the basis of time, equation 2.3 must be integrate~ over e. This gives: 

. 
(2.5) 

(2.6) 

(2.7) 

The minus signs in equation 2.5 to 2.7 are usually ignored. Again, its presence 

signifies that the strain rate is calculated for compressive strain rates. Equation 2. 7 

can now be used to calculate the average strain rate in the industrial situation and 

from that, the speed of revolution of the laboratory mill is derived. The maximum 

strain-rate in the industrial process is 1 0 s·1 in the final passes. This results in a 

speed of revolution that is within the limits of a standard laboratory mill. 

2.2.4 Strain (-rate) distribution throughout the thickness of the slab 

So far, only the average values for strain and strain-rate have been considered. 

However, from slip-line field analyses (see figure 2.6) [11] it is seen that specially for 

break-down rolling, the deformation is far from homogeneous. The strain and strain­

rate within an industrial slab will vary through the thickness. This is mainly a function 

of the roll radius (RR) and the reduction. Backofen [12] defined a ratio (the mean 

zone-thickness/contact length ratio) !i, to describe this effect as follows: 
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(2.8) 

Where h is the geometric average thickness of the slab. 

The importance of .d lies in its relationship with the deformation and recrystallisation 

textures [12]. To simulate these, it is necessary to have the same .d-factor during 

the physical simulation to compare with the industrial process. When ll is known •. it 

can then be used to calculate the initial thickness for the laboratory mill with a given 

roll radius. 

Again, the results from such calculations yield an initial thickness that is within the 

range of a laboratory mill. 

2.2.5 Inter-pass times 

In this project any difference in inter-pass time between the head and the tail end of 

the industrial slab is ignored. All work is focused on the middle of the industrial slab 

which will have gradually increasing inter-pass times. Before the last pass, the slab 

is transported away from the mill to cut off the head and tail ends. This results in an 

extra long inter-pass time. After the final pass, the inter-pass time is no longer 

determined by the break-down mill. At this stage in the process it is the entry to the 

tandem mill that is rate-determining. Normally, the .tandem mill is positioned in line 

with the break-down mill, thus ensuring a short time between the last break-down 

pass and the first tandem pass. lt is concluded that a laboratory mill can meet the 

minimum inter-pass times occurring in industry. 

2.2.6 Temperature 

In the industrial practice, the temperature of the slab is only measured before and 

after break-down rolling. Because of the way these measurements are done 

(contact thermometers) they have a limited accuracy. Therefore it is preferred to 

use first principle modelling to predict the temperature of the slab. Because of the 
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large thermal mass of the slab, the temperature during the first passes of break­

down rolling will be fairly constant. Only on the last passes will the slab be thin 

enough to cool down during the inter-pass times. However, when using a laboratory 

mill the specimen will cool down considerably from the first pass and even faster 
. ' 

with higher pass number. This is due to the chilling of the specimen by the (cold) 

rolls [13] [14] and the loss of heat during the inter-pass times. Therefore a standard 

laboratory mill cannot be used to simulate the complete process of break-down 

rolling. To overcome this problem, a new simulation technique has been developed 

where the mill is equipped with two directly adjacent tube furnaces. This technique 

will be described in detail in chapter 3.2. 

2.2. 7 Friction conditions 

In the literature, sticking friction conditions are normally assumed for hot rolling 

operations (the equations 2.3 to 2.7 also use this assumption). Regretfully, there 

are very few data available about the actual friction conditions. During break-down 

rolling of aluminium, the rolls are sprayed with an emulsion of oil and water. To 

mimic the industrial situation as closely as possible, a lubricating system on the 

laboratory mill, using a similar emulsion was developed. However, this is no 

guarantee that the friction conditions are identical. 

2.2.8 Relation between the grain size and the slab thickness 

As cast aluminium has a typical grain size of 140 JJm. In a 500 mm thick slab, this 

means that there are thousands of grains through the thickness. In the laboratory 

simulation the whole process is scaled down. However, since the same starting 

material is used in both industry and simulation. The initial grain size does not scale 

with the laboratory simulation. When the number of grains through the thickness 

becomes too small, the simulation of texture development will become inaccurate. 

In a 50 mm thick specimen for a laboratory mill, there are still about 350 grains 

through the thickness. This is enough to justify the assumption that the material will 

behave in a similar way to the industrial situation. 
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2.2.9 Plane strain compression testing 

When simulating break-down rolling, plane strain compression (PSC) testing must 

be considered as an alternative simulation techn~que. This technique was originally 

developed by Watts and Ford [15] for testing at room temperature. Modern PSC­

machines can test at high temperatures (up to 1100 °C). They also offer an 

excellent control of strain, strain-rate, inter-pass time and temperature [16]. 

However, PSC is not an obvious technique for the simulation of break-down rolling . . 
The main problem lies in the high total reduction. Since the initial thickness of a 

PSC specimen is normally limited to 10-12 mm. the specimen is only 0.5 mm thick 

after 95% reduction. Such a small thickness carries not only severe practical 

problems, but also the influence of surface effects are very large. Furthermore, the 

strain per pass during break-down rolling is relatively small. This means that, 

specially in the later passes, the absolute reduction of the thickness of the 

specimens is below the resolution of the machine. Also the number of (as cast) 

grains through thickness in a standard PSC-specimen is relatively small [17], which 

causes problems when simulating the texture development. Finally, the deformation 

in a PSC-machine is in principle homogeneous through the thickness. For the highly 

non-homogeneous deformation during break-down rolling, it would be necessary to 

do separate simulations for different depths below the surface. 

Nevertheless, a PSC machine has a number of features that can be very useful in a 

project such as this one. A strong point of PSC-testing is its accuracy in determining 

the mechanical response of the material. Therefore, in this project, this technique 

has been used to characterise the mechanical strength of the material at different 

stages of the break-down process. 
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2.3 Physical metallurgy of AA31 04 

2.3.1 Introduction 

The alloy AA3104 is mainly used for the production of Can Body Sheet (CBS) for 

the production of beverage cans. The commercial importance of this alloy is 

enormous. (In 1994 the production of aluminium beverage cans in the· USA alone, 

was 1.03 billion cans [8].) 

Table 2.3 shows the limits for the chemical composition of AA3104 as prescribed by 

the Aluminium Association [18]. The chemical composition influences the 

microstructural development during thermo mechanical processing. Therefore, a 

short analysis of the main elements is given below. After this,' an overview of the 

microstructural development from casting to break-down rolling is given. Here, 

mainly a qualitative approach is used. How these mechanisms could be modelled 

quantitatively is discussed in chapter 2.4. 

2.3.2 Main alloying elements 

2.3.2.1 Manganese 

Manganese is the most important alloying element in the 3XXX series. lt is present 

in the alloy both as precipitates and dissolved in the matrix. The maximum solubility 

of Mn in pure AI is 1.6 wt.% at 625 oc. From the ternary phase diagram [19] (see 

figure 2.7), it is seen that this decreases in the presence of Fe. At 0.7 wt.% Fe, only 

0.3 wt.% Mn can dissolve at 625 oc. This will be even less at lower temperatures. 

Due to the high cooling rates after the casting of the metal, not all the Mn will 

precipitate during and after solidification. An as cast ingot will thus be 

supersaturated with Mn. Hence there is a driving force for Mn to precipitate during 

the thermo-mechanical processing. 

The precipitated manganese can be a-AIFeMnSi, p-(Fe,Mn)AI6 or MnAI6• Usui et al. 

[20] found that MnAI6-precipitates have a restraining effect on the dynamic recovery. 
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2.3.2.2 Magnesium 

Magnesium has a large solubility range in aluminium alloys. lt has a strong 

influence on the work-hardening of the material. At room temperature the UTS 

increases roughly linear with the amount of Mg. At hot working temperatures a 

power law relationship applies [16]: 

a ss = steady - state flow stress 

w = atomic percentage Mg 

k = temperature dependent constant 

In the presence of Si, Mg can form Mg2Si during and after the solidification. 

2.3.2.3 Silicon 

(2.9) 

Si mainly influences the microstructure though its strong tendency to form inter­

metallic compounds with AI, Fe, Mg and Mn [21]. The two main Si-containing 

precipitates are Mg2Si and a.-AI12(Fe,Mn)Si. The a-precipitates are mainly formed 

after the solidification out of f3 particles via diffusion of Si. Therefore the amount of 

Si highly influences the ratio between a- and f3-particles. 

2.3.3 Microstructural development during therrno mechanical processing 

Between being an as-cast ingot and the final product, the microstructure of the 

material changes dramatically. The microstructure can be characterised from 

several viewpoints: 

• The dendrite arm spacing (in case of the as cast structure) 

• The second phase particles (composition, size, morphology, distribution and 

volume fraction) 

• The grain structure (size, morphology, distribution, texture) 

• The subgrain structure (size, dislocation density, misorientation) 

All these variables interact with each other when the microstructure develops during 

thermo mechanical processing. To be able to model this development, a thorough 

understanding of all aspects is necessary. Especially in aluminium, the 

microstructure of the final (cold rolled) sheet depends on the complete thermo 
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mechanical history. Therefore, the microstructural development throughout the 

production process needs to be understood. Below this is done for the first 

processing steps; from the as cast to the transfer gauge structure (i.e. after break 

down rolling). The further development during the rest of the processing steps is 

beyond the scope of this work. 

2.3.3.1 The as-cast structure 

The as-cast structure is dendritic containing about 2 vol. o/o of second phase 

particles. The dendrite arm spacing can range from about 1 0 to 100 microns in a 

DC ingot [6]. lt has also been found to have a power law dependence on the 

solidification rate: 

S=AJ" (2.10) 

Where S equals the dendrite cell size, A and n are constants and J is the 

solidification rate. From Morris et al. [22] it can be derived that A equals 50 1 o-e and 

n is -0.3. This value of n agrees with that found by Spear and Gardner [23]. The 

dendrite cell size is used rather then the dendrite arm spacing since in commercial 

castings the secondary arms are not developed. 

The precipitates th~t are formed during solidification are normally called constituent 

particles. Most of these particles are 13-(FeMn)AI6 and Mg2Si [24]. The P-phase 

surrounds the dendrites as faceted plate like shapes [25]. Their structure depends 

on the solidification rate. lt is finer and less massive when this rate increases [22]. lt 

has also been found that a proportion of the Fe constituent particles is a­

AI12(FeMn)Si, where the amount of the a-phase and the Mg2Si both depend on the 

Si content. During the solidification sequence, both particles compete for the Si 

partitioned to the inter-dendritic liquid [24]. 

Apart from the second phase particles, the degree of supersaturation is also 

important for subsequent processing. Most of the Mn content and about 5% of the 

Fe, is supersaturated in solid solution. The exact degree of supersaturation highly 

depends on the solidification rate [22}. 
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The grain size ranges from about 50 to 500 microns [6] in a grain refined DC-ingot. 

Master alloys containing heterogeneous nuclei are used to obtain an equi-axed 

structure. 

2.3.3.2 The homogenised structure 

The as-cast structure is then homogenised. From a linear regression analysis by 

Goodrich [26] it can be concluded that this treatment is very important to the 

microstructure of the final (cold-rolled) sheet. The main objectives of 

homogenisation are [24] [16] [22] [26]: 

• elimination of supersaturation and microsegregation 

• transformation of f3-(FeMn)AI6 constituents to a.-AI12(FeMn)Si 

• spheroidisation and coarsening of the eutectic constituents 

The precipitation from the supersaturated state was modelled by Goodrich [26] 

assuming Avrami kinetics. From this model the amount of dissolved Mn can be 

calculated for a typical homogenisation treatment. Figure 2.8 shows the result of 

such a calculation. This model was later refined by Suni et al. [95], who used a set 

of more physically based equations. 

During the homogenisation the f3~(FeMn)AI6 constituents formed after solidification 

transform into to a.-AI12(FeMn)Si via the diffusion of Si atoms [28]. The distribution, 

size, morphology and physical properties of these second phase particles should be 

very well controlled to effect a tool cleaning action during deep drawing sufficient to 

suppress aluminium build-up on the tooling [8]. 

2.3.3.3 Microstructural development during break-down rolling 

During the break-down rolling, both the second phase particles and the grain 

structure are changed dramatically. The driving force for these changes, originates 

from the deformation of the slab. 

The evolution of the constituent particles in AI-1Mn-1Mg during break-down rolling 

has been studied by Daaland [29]. In the as-cast structure, these particles exhibit a 

cell structure. This structure changes with increasing pass number. The cells are 

broken up into a mixture of layers (in the rolling plane) of sheared particles and 
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particle free layers. In the microstructure after the last break-down pass, these 

layers have disappeared. Now, the ··sheared particles are distributed 

homogeneously. Obviously, the shearing process influences the average size and 

the size distribution. In the as-cast structure the average size was found to be 4.7 

J.Lm showing a very wide distribution. At the transfer gauge, the average is reduced 

to 1 J.Lm with a much narrower distribution. However, the particles are still not 

completely spherical and are aligned in the rolling direction. The development 

described above, applies to the centre of the slab. At the surface the deformation is 

very different. There, the material is heavily sheared, resulting in much higher local 

strains. This accelerates the break up of the constituents. Therefore, the cell and 

layered structures disappear much faster at the surface. However, at the transfer 

gauge, the centre has caught up and no difference is found between the surface 

and the centre. 

When the slab is still supersaturated after homogenisation, precipitation can occur 

during break-down rolling. The combination of an increased dislocation density and 

the high temperature during the inter-pass times will enhance precipitation. 

The structure of the matrix also changes dramatically when the slab is rolled. The 

shape of the grains changes from spherical to pancake. To accommodate the 

deformation, the grains have to rotate. Some grains will rotate in more than one 

way, causing such a grain to break into different regions of different orientation. The 

boundaries between these regions are normally ref~rred to as transition bands [30]. 

Especially after the higher strains, the material will also develop shear bands. This 

phenomenon occurs when a structure has nearly exhausted its storing capacity for 

dislocations. The material within the shear bands appears to be sharply mis­

oriented with respect to the surrounding matrix. lt is important to notice that the 

shear bands are not dictated by considerations of crystallography. Even after heavy 

rolling, they are running at 35° to the rolling plane. They can cross several grains. 

However, the mechanism by which these bands are formed is still largely unknown. 

Within the grains, the structure changes upon deformation as well. Initially, just the 

dislocation density increases. Upon higher strains, these forest dislocations will 
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become ordered into sub-grains. These sub-grains are equi-axed. They stay 

shaped like this with higher deformation due to repolygonisation. 

Not only the shape and size of the (sub) grains changes during deformation, their 
. ' 

orientation does so as well. The distribution of the crystallographic orientations of 

the crystallites in a polycrystalline material is normally referred to as the texture of a 

material. During a rolling pass a deformation texture develops. Although the details 

of the underlying mechanisms are beyond the scope of this discussion, it can be 

shown that certain texture components develop during the rolling of (high stacking 

fault) fee metals (For further information see Taylor [31], Aernoudt [32] and 

Sevillano et al. [33]). lt is shown that most orientations assemble along two 

incomplete fibers in the Euler space: the a-fibre which runs from the goss 

orientation {011 }<1 00> to the brass (Bs) orientation {011 )<211 >, and the ~-fibre that 

runs from the copper (Cu) orientation {112}<111> over S {123}<634> to Bs. Both 

fibres are shown in figure 2.9. These predictions have been validated for AI-1Mn-

1 Mg by Maurice et al. [34]. 

After the deformation, the slab is self annealing during the inter-pass time. During 

this period, the so called static changes occur. The most important one is static 

recrystallisation. New, dislocation free, grains grow into the deformed old ones. 

Numerous books have been written about this process (see for instance Haessner 

[35) or Humphreys and Hatherly [30]) and only some selected aspects will be 

discussed here. 

Upon recrystallisation the texture of the slab changes. The origin of such 

recrystallisation textures has been a matter of controversy for decades. The main 

point of discussion is whether oriented nucleation or oriented growth is the 

dominating mechanism. Vatne [36] has shown for AI-1Mn-1Mg, that no growth 

selection occurs in AA3104. 

The oriented nucleation mechanism implies that the recrystallisation texture is 

determined by the orientations of the available nuclei in the as-deformed matei"ial. lt 

is therefore important to take a close look at the categories of nuclei with a specific 

orientation. Two of these are discussed in more detail below. 
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The first category is the cube texture ({001}<100>). This component is very 

important because of its strong influence on the earing behaviour of the final 

product. To obtain a cube recrystallisation texture, cube oriented nuclei must be 

present in the deformed state. lt was shown by Daaland [29] that a fraction of the 

cube crystallites present before the deformation can survive the deformation and 

form the nuclei for recrystallisation. lt has been argued [30] that the surviving cube 

sites form especially potent nuclei due to extensive recovery. The Burgers vectors 

of the two most dominant slip systems are orthogonal to each other 

(a /2[1 01] and a /2[101]) and therefore there is little interaction between them. This 

yields fast and extensive recovery. 

Alternatively, the cube grains can be formed during the deformation. This 

phenomenon can be explained with the Dillamore-Katoh mechanism [27]. They 

predicted that during plane strain compression of a high stacking fault, fee metal, 

transition bands might develop that contain the cube orientation. The transition 

bands are surrounded by large orientation rotations and can thus easily gain a high 

- angle character. This situation can thus provide a cube nucleus. 

However, it is not just the volume fraction of Cube in the deformed metal that 

determines the amount of Cube, once recrystallised. Vatne [36] found that a Cube­

neighboured by an S~grain forms an especially potent nucleus. This could be 

interpreted as proof of an oriented growth mechanism. However, it was shown by 

Vatne that the explanation for this preference lies in the energy of such a grain 

boundary. S and Cube make a 40°<111 > orientation relationship. Such a boundary 

has a high coincidence site density and thus a low grain boundary energy. 

Therefore the Gibbs-Thomson radius (= minimum radius for a nucleus to be 

successful) is relatively small. Thus, a Cube grain surrounded by an S-grain has a 

higher chance of forming successful nuclei. 

The second category discussed here, is the amount of randomly oriented grains. 

Naturally, this category cannot be represented by any particular volume in Euler­

space. However, to generate a random texture, randomly oriented nuclei must be 

available. From this point of view, random texture can be considered a normal 

texture component. One of the mechanisms to form randomly oriented nuclei, is 
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called Particle Stimulated Nucleation (PSN). This mechanism was first described by 

Humphreys [30]. The idea behind this mechanism is that during the deformation a 

deformation zone is formed around non-deforming second phase particles. The 

deformation zones are areas of high stored energy and a progressive lattice rotation 

from the remote matrix to the particle surface. This situation provides ideal 

conditions for a nucleus to grow. The critical step is therefore not the consumption 

of the deformation zone itself, but its growth into the less highly strained matrix. This 

means that nucleation will only be successful at particles with a deformation zones 

larger than a critical value in order to provide the growing nuclei with a sufficient 

size advantage. 

An alternative site for randomly oriented nuclei can be found at grain boundaries. 

Statistically, next to these boundaries, a certain fraction of the subgrains will be 

large enough to form a nucleus. The combination of such subgrains with a mobile 

grain boundary provides the possibilities for recrystallisation to start. 

To improve the readability, the discussion above, assumes a strict separation 

between the dynamic and static changes in the microstructure. As far as the 

shearing of the constituent particles is concerned, this is correct. However, 

precipitation may occur either during or after the deformation. When looking at the 

changes in the matrix, the difference between static and dynamic may be even 

more disputable. Some authors report ([37], (38]) that the recovery process does 

not stop when the deformation is finished. Also, there have been many publications 

about dynamic recrystallisation in aluminium during hot working. Those 

observations can be split into continuous and discontinuous recrystallisation 

phenomena. The continuous mechanism (COX) involves grain boundary 

impingement (geometric dynamic recrystallisation) [30] and is thought to be 

important in the development of microstructure in superplastic alloys. This process 

is not a softening mechanism in the sense that it reduces the dislocation density of 

the material. Discontinuous dynamic recrystallisation (DDX) is a nucleation and 

growth process that is analogue to the normal static recrystallisation. This 

phenomenon has been found in two kinds of alumir:tium alloys. Firstly, in alloys with 

a very high amount of dissolved elements [30]. This lowers the stacking fault 

energy, which hinders dislocation climb. Therefore, the stored energy cannot be 
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lowered easily via recovery, and thus recrystallisation occurs more easily. When the 

stored energy gets high enough during the deformation, recrystallisation can occur 

dynamically. Secondly, DDX was found to occur is in exceptionally pure aluminium 

[39]. The explanation for this lies in the extremely high mobility of the grain 

boundaries in such alloys. In that case, the minimum stored energy to start 

recrystallisation during the deformation already is very low. There is one more case 

of DDX. Huang et al. [40] found that when the strain rate is instantly lowered several 

orders of magnitude during a deformation, DDX can occur in AA 1050. The 

explanation for this lies in the microstructure that is formed during the first (fast) part 

of the deformation. This structure has a high stored energy. When the strain rate is 

lowered, such a structure must change into one that 'belongs' to the lower strain 

rate. Therefore, the amount of stored energy needs to be reduced which can occur 

via DDX. 

From the discussion above it can be concluded that it is unlikely that dynamic 

recrystallisation will occur during break-down rolling of AA31 04. Whether static 

recovery occurs, is unclear at the present moment. However, the assumption that 

the static and dynamic changes are distinctively different seems to be good enough 

to be used for a first order modelling attempt. 
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2.4 Modelling microstructural development during hot rolling 

2.4.1 Introduction 

In the previous chapter, a qualitative analyses was given of the microstructural 

development of AA3104 during casting,· homogenisation and break-down rolling. 

The main focus of this project is the microstructural development during break-down 

rolling. To control the microstructure during this process, a qualitative approach 

does not suffice. Therefore some quantitative models from the literature are 

discussed below. 

From an industrial point of view it could be sufficient to know the final microstructure 

as a function of the thermo-mechanical treatment parameters. However, especially 

in aluminium, the final structure very much depends on the intermediate structures. 

Therefore, an approach where the microstructure throughout the rolling schedule is 

predicted, is more likely to perform better. 

Figure 2.10 shows a schematic diagram of the principles of such a multi-pass model 

[411 [42]. When all relationships within this diagram are known, it is possible to 

calculate the exact microstructure at the end of each inter-pass time. In figure 2.1 0, 

several 'sub-models' can be distinguished. These sub-models describe certain 

aspects of the behaviour of the material during rolling. For each aspect, several 

approaches are available from the literature. A selection of these is discussed 

below. After this, two computer programs that integrate these sub-models are 

described. 

2.4.2 Sub-models 

2.4.2.1 Mechanical behaviour 

To see if a particular combination of rolling parameters and alloy is feasible within 

the design limits of the mill, it is necessary to predict the rolling loads. Such 

prediction is also used as a pre-set value for the mill. The rolling loads depend 

largely upon the stress-strain behaviour of the material as a function of temperature 
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and strain rate(amongst other factors like the geometry of the reduction and the 

friction conditions). The stress-strain behaviour can be described using constitutive 

equations. Constitutive equations can be derived in two stages; firstly, equations 

are derived for discrete, characteristic points on the stress-strain curve in terms of 

the Zener Hollomon parameter (Z) and secondly, complete continuous flow stress 

curves are calculated based upon the first set of equations. 

The equations from the first stage will be referred to in this work as sigma(Z)­

equations. Over the last decades, several models to ·describe such curves have 

been developed. Here two of them are discussed. First, an empirical approach that 

uses several characteristic points from a stress-strain curve and then, a more 

physically based model only describing the steady state situation. 

Empirical eguations for sigma(Z) 

Based on extensive investigations of creep and hot working, Sellars et al. [43] 

proposed a set of empirical formulae to describe the relationship between the Zener 

Hollomon parameter and the stress. For low stresses: 

1 

a' =UJ (2.11) 

Where Z is Zener Hollomon parameter which is defined as Z = £ exp ~~, , Qdef is the 

activation energy for deformation and R is the universal gas constant. In equation 

2.11, cl denotes the stress at a characteristic point on the stress strain curve and 

A: and n~ are its accompanying constants. For higher stresses it was found that: 

# 1 z cr =-ln­r.t• A' 1-'2 2 

. (2.12) 

With (3: and A: being constants for each cr'. Equation 2.11 and 2.12 can be 

combined into: 
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(2.13) 

Where f3!, n! and A! are constants at the characteristic stresses. These stresses 

may for instance be chosen as the stress at a fixed value of strain ( cre) or the steady 

state stress ( aS8). 

The equations 2.11, 2.12 and 2.13 can then be used to describe the actual shape of . 
the stress strain curve. A way of doing this was proposed by Sah et al.: 

(2.14) 

Where C and m are constants that need to be derived from experimental data. 

Physically based equations for sigma(Z) 

Recently a first attempt has been made by Nes [44) to derive a more physically 

based constitutive equation. This equation only models the steady state stress and 

makes no attempts at modelling the work hardening behaviour at lower strains. 

This equation was derived from the predicted relationship between the steady state 

stress (cr88
) and the internal structure parameters p1 (dislocation density in the cell 

interior) and cS (sub-grain size). 

(2.15) 

Where cr1 is a frictional stress, G is the shear modulus and b is the Burgers vector, 

a 1 and a 2 are constants. The last two terms of equation 2.15 can be combined, 

using the principle of similitude found by Castro Fernandez et al. [45]. This principle 

predicts that: 

(2.16) 
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Combining this relationship with equation 2.15, it follows for the steady state flow 

stress: 

(2.17) 

Nes now calculated the subgrain size using the assumption that during steady state . 
the rate of subgrain boundary creation equals the subgrain growth rate from 

dynamic recovery. This analysis lead to: 

With: C1 = 6a 4 Gb 3 

1 
a 4 = 4n(1- v) 

M 
C2 =0.07·--

v0bC8 

1 
-= 

C,Eex{~) 

2sinh(C 1I!) 
SkT 

(2.18) 

U~ the interaction energy between the solute atom and the boundary 

dislocation core 

1: the separation of solute atoms along the boundary dislocation line 

v Poisson's ratio 

k Boltzmann's constant 

v0 the Debye frequency 

M the Taylor factor 

C8 a constant to be determined experimentally 

Equation 2.18 can only be solved numerically. For Pv: I kT > 1 (P is the driving 

pressure for subgrain growth and v: an activation volume), equation 2.18 takes the 

form: 
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(2.19) 

Equation 2.19 is quite similar to the empirical equation found by Castro Fernandez 

et al. [46] 

1 
-=AinZ-8 
B 

(2.20) 

With A and 8 being alloy dependent constants. lt was shown by Nes [44] that both 

equations (equation 2.19 and 2.20) describe the experimental results equally well 

for In Z > 27. Below this value equation 2.20 results in very large or even negative 

values for .! which cannot be correct. 
B 

The steady state flow stress can now be found by combining equation 2.17 and 

2.19 into: 

(2.21) 

This model is discussed in more detail by Nes [44] and Nes and Furu [47]. 

From the literature and the discussion above, it can be concluded that the physical 

equations are able to describe the experimental results equally well as the empirical 

ones. However, this is also due to the use of several fit parameters in the physical 

equations (a1 to a4, C3 and C8). In the present work, both set of equations will be 

applied and their results compared with each other. 

2.4.2.2 Recrystallisation 

Recrystallisation kinetics in between passes (static recrystallisation) is normally 

described, using Avrami kinetics [30]. 

(2.22) 
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Where f is the recrystallised fraction and to.s is the time for 50% recrystallisation. The 

Avrami exponent, n, describes the time dependency of the nucleation and growth 

rates. Theoretically, n equals 3 in the case of site saturation and constant growth 

rate and 4 when nuclei are formed at a constant rate during the recrystallisation 

[48]. However, a value of n=2 is normally found to describe the experimental results 

best [29]. 

The temperature, strain, strain-rate and grain size dependence of the . 
· recrystallisation kinetics is described using the time for 50% recrystallisation (to.5) 

[49]: 

(2.23) 

8 1 to 84 are constants to be determined experimentally, d0 is the initial grain size 

and Qstat is the activation energy for static recrystallisation. When equation 2.22 and 

2.23 are applied to industrial hot rolling the problem arises that these processes are 

not iso-thermal. Such temperature changes can be taken into account by using the 

principle of temperature compensated time. According to Whittaker [50] and Sellars 

et al. [51] the temperature compensated time is defined as: 

W = D ·ex~ -~-d (2.24) 

Where t1 is the time interval that the slab has a temperature ofT,. Using equation 

2.24, equation 2.22 can be modified into: 

(2.25) 

Brand et al. [52] use the temperature compensated time for 95% recrystallisation 

(W0.e5) to characterise the recrystallisation behaviour of the material. When Wa.9s is 

known, W0.5 can be found using: 
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ln(1- 0.5) 
Wo.s = Wo.ss · 

ln(1- 0.95) 
(2.26) 

However, when using light microscopy to determine the recrystallised fraction, the 

use 95% carries severe experimental disadvantages. 

When ta.5 is known, W0.5 can be found by applying equation 2.24 for isothermal 

conditions. In that case equation 2.24 becomes: 

W _ t (-Qstat) 
o.s - o.s • exp RT (2.27) 

and thus (Combining equation 2.23 and 2.27): 

W 8 81 zs3 de. 
O.S = I 'E ' • 0 (2.28) 

Recrystallisation is not only a softening process. lt also influences the grain size and 
!' 

grain shape in the material. Directly after the deformation, the grains become pan-

cake shaped according to the strain applied. When this structure recrystallises, new 

equi-axed grains are formed. Again, the literature gives a purely empirical as well as 

a more physically based solution to describe the final grain size after pass i (01) of 

the recrystallised grains. The empirical equation is of the form [52]: 

(2.29) 

Where C1, C2 and C3 are alloy dependent constants. 

An alternative approach is given by Vatne (36] where the recrystallised grain size 

follows from the number of available nuclei ( N~or ) and the recrystallised fraction. 

(2.30) 

Equation 2.30 assumes that the number of nuclei is known after each pass. How to 

achieve this is discussed in section 2.4.3.2 (The NTNU Model) below. 
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2.4.3 Integrated Models 

So far, the models described are dealing with specific aspects of thermo~ 

mechanical processing. Over the last few years a few computer programs have 

been written to integrate the different aspects. Each program uses its selection of 

the equations described above. 

2.4.3.1 SLIMMER 

The Sheffield Leicester Integrated Model for Microstructural Evolution in Rolling was 

developed by Beynon et al. [53] [54]. lt is a computer program that couples a 

thermal and a microstructural model with the hot rolling theory for calculating 

operating loads as described by Sims [55]. The input of the model consists of the 

initial dimensions, grain size and temperature of the slab, some physical parameters 

and the rolling schedule. The model calculates the temperature, the grain size, the 

fraction recrystallised and the rolling loads throughout the programmed schedule for 

up to 20 consecutive passes. The thermal model uses a finite difference technique 

to calculate the temperature profile on a transverse section of the stock as it 

progresses down the schedule. The temperature is calculated assuming heat loss 

to the surrounding air by convection and radiation. During the deformation the slab 

loses heat to the rolls via conduction. Most of the mechanical energy is assumed to 

transform into heat. 

The microstructural development of the slab is determined by the temperature of 

each element and the strain and strain-rate to which each is subjected. The strain is 

assumed to be parabolicly distributed through the thickness using: 

(2.31) 

Where Ex is the strain at a fractional distance xlh, from the centre of the stock. The 

recrystallisation kinetics is assumed to follow an Avrami-like equation using the 

temperature compensated time (equation 2.25). The recrystallised grain size after 

each pass (01) is calculated using equation 2.29. 
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The mechanical response is calculated using a sigma(Z)-equation of the form of 

equation 2.13. The stress strain curve is then calculated with a Voce equation. 

SLIMMER does not model any texture development. 

Version 3.1 of SLIMMER [54] offers a choice of different materials to simulate. 

When a material is selected by the operator, the programme uses a specified set of 

equations. The only aluminium alloy available is AI-1Mg. The equations for this alloy 

(measured on transfer gauge material) were based on Puchi et al. [56] [57] and . 
further refined by Beynon [58] [59]. The flow stress is calculated from: 

a= 1.155 ·ass·[ 1- exp(- Ce)]
0
·
2 (2.32) 

ass = 8.201n( z a) 
With: 5.5807 ·1 0 

ao.os = 7.021n( Z ) . 
1.4565 ·10 9 

2.4.3.2 NTNU Model 

Recently, a model was developed at NTNU in Trondheim, Norway by Nes and eo­

workers. This model is described in detail by Vatne [36]. The model predicts the 

microstructure and texture of a slab during and after multi pass rolling. The following 

assumptions apply: 

(i) The recrystallisation texture is a result of oriented nucleation. 

(ii) The final grain structure and texture are a result of the competition between 

growing grains that originate from a limited number of different types of site 

categories, where each site category has a density N;. 

(iii) Near site saturation nucleation kinetics applies. 

(iv) The nucleation sites are randomly distributed in space. 
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(v) Johnson-Mehi-Avrami-Kolmogorov kinetics apply 

(vi) During all deformation passes, steady state stress is reached. 

(vii) The number and size distribution of the second phase particles is constant 

throughout the entire schedule. 

From the first three assumptions it follows that it is necessary to calculate the 

number of nuclei of each category. The model uses three different categories: PSN, 

Grain Boundaries and Surviving Cube grains. The first two yield a random texture, 

while the surviving cube generates the cube fraction. 

The amount of cube nuclei is given by: 

(2.33) 

-
Where Be is the average cube subgrain size, A(s) is the surface area per unit 

volume of cube grains of initial average sizeD , that have undergone a deformation 

of strains. 

The average cube sub-grain size is a function of the average overall sub-grain size 

described by equation 2.34. 

- -
Be = 1.3 ·B 

Where the overall sub-grain size is calculated from equation 2.19 

From geometry considerations it follows that: 

R 
A(s) = 2[exp(s) + exp- (e)+ 1] ~ 

. D 

Re is the instantaneous volume fraction of cube. 

(2.34) 

(2.35) 

R5 is the volume fraction of S-texture, that is given by the empirical relationship: 

R5 = 0.04 + 0.17£ 'v' E < 2 

R5 = 0.38 V s < 2 
(2.36) 
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lt is assumed that this fraction also represents the fraction of cube that is 

surrounded by the S deformation texture component. lt reflects the necessity for a 

cube grain to have an S neighbour to be able to form a nucleus. 

Finally S~ is the density of subgrains inside the cube regions with diameters larger 

than a critical value 8 •. This value is given by: 

s~ = -
1

3 exp(-5a)·[1+5a+..!.(say +_!_(5a)3 +..!.(sat] 
8c 21 31 41 (2.37) 
8. 

a==-
83 

Now a modelling parameter Cc is introduced, combined with equation 2.35 and 

2.36, equation 2.33 becomes: 

2Cc8cRc{1-Rc)R5 S~ ) 
Ne= [exp(e)+exp(-e)+1 (2.38) 

D 

The number of PSN-nuclei is calculated from the number of second phase particles 

with a diameter bigger than a critical value (ll*) times a modelling constant (CPsN) 

GO 

NPSN = c PSN f f( ll)dll (2.39) 
11. 

The minimum size for a particle to induce PSN is a function of the grain boundary 

energy (y08), the driving force for recrystallisation (P0 ) and the Zener-drag (Pz). 

_ 4ros ,. 
- (P0 - Pz) 

(2.40) 

Furthermore, the distribution of all the second phase particles is characterised by 

the empirical equation 2.41. 

f(11) = Hexp(-Lll) (2.41) 

Where H and L are characteristic particle size distribution parameters. 
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Where H and L are characteristic particle size distribution parameters. 

Combining equations 2.39 to 2.41 and setting N0=H/L the density of PSN sites 

becomes: 

(2.42) 

A further source of randomly oriented nuclei is produced by subgrains near grain 

boundaries. The mechanism is analogous to that of the surviving cube grains. Only 

now the average value of the overall subgrain size is used since there is no 

extended recovery in randomly oriented subgrains. The total density of grain 

boundary sites is given by: 

2C 8{1-R )s• 
NG8 = GB c GB [ exp(e)+ exp(- s) + 1] 

D 
(2.43) 

The next step is to keep track of the number of nuclei during the complex situation 

of a partly recrystallised slab being rolled again. After the first step the situation is 

relatively simple: 

(2.44) 

Where the superscript 1 indicates that these nuclei arise after the first pass. 

However after the second pass the situation will be: 

Where Nci2 refers to the cube regions that survived the first pass without 

recrystallisation, while N~ originates from cube areas that recrystallised after the 

first pass. The nuclei formed around particles. are not affected by previous 

recrystallisation since their number is solely a function of the driving pressure after 

each pass (assumption vii). 

The total number of nuclei after the nth pass is thus given by: 
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N" - N" +X {N" + N" ) + ~(x [n"-
1 

(1 X)] [NI+1, ... ,n + Nl+t ... ,n]~ TOT - PSN n-1 C GB LJ I • - I • C GB 
1-0 j:.i+1 

(2.46) 

From assumption (v) it follows that the recrystallisation kinetics can be described as: 

f1(t) = 1- exp[-x~(t)] (2.47) 

Where X~ ( t) is the extended volume of the recrystallised fraction, defined as: 

(2.48) 

In equation 2.48, G1 is the growth rate of the recrystallised grains. The grain size of 

the recrystallised grains is obtained from equation 2.30. 

Above, only the main features of this model are discussed. A detailed description 

can be found in reference [36]. The model does not predict the temperature or the 

rolling loads during the rolling process. Also, the model is only applicable to the 

centre line of a rolled slab. lt therefore does not have to take into account any 

distribution of strain and strain rate through the thickness. 
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2.5 Concluding remarks 

From this literature review, the following conclusions can be drawn. 

From the analysis of the industrial break-down process, it is clear that only limited 

data are available. Especially the temperature history of a slab is largely unknown. 

However, by using off line models like SLIMMER, it seems possible to derive a set 

of process parameters that describe the industrial situation quite accurately. T~ 

simulate this process in a laboratory situation, it is necessary that the geometry of 

each industrial pass is considered. To mimic the strain and strain-rate distribution 

through the thickness of the slab it is essential to consider the roll diameter of the 

industrial mill as well as the strain. Furthermore, it was found that it will be very 

difficult to mimic the friction conditions, since these are not known for the industrial 

situation. The best option seems to be to get the lubrication conditions as close as 

possible. 

From the literature about the microstructural evolution it became clear that there is 

information available about a wide range of specific aspects. For instance the 

recrystallisation mechanisms associated with PSN have been studied in great 

detail. However, about the 'combined' microstructural evolution (second phase 

particles + (sub}grain size + texture), much less work has been done. This is 

especially the case when the material is subjected to a multi-pass deformation as 

normally done in industry. This is reflected in the available models which are largely 

empirical and/or focus on only a few aspects of the microstructure. 
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3. Experimental 

3.1 Material 

Most of the work in this project was carried out on AA31 04 supplied by Hoogovens 

Aluminium Duffel NV (Material A). Table 2.3 shows the chemical composition of this 

material. For the break-down simulations the material was received in the as-cast . 
condition and taken out of the centre of an industrial ingot. For comparison reasons, 

some break-down simulations were done on (commercial) material from a different 

supplier. This material is referred to as material B. Its chemical composition is also 
4 shown in table 2.3. Material B was also received in the as-cast condition. . 

Furthermore, some transfer gauge material (taken from an industrial break-down 

mill) was used to determine its sigma(Z) relationship. This material was also 

supplied by Hoogovens Aluminium Duffel NV and its chemical composition is 

identical to that of material A. The transfer gauge material was quenched within 2 

minutes after the last break-down pass. 

3.2 Laboratory mill rolling 

So far, little work has been done on the physical simulation of break-down rolling of 

aluminium. This is partly because of the absence of a suitable technique. In this 

project a new technique has been developed to simulate this process. The Sheffield 

Mill for Aluminium Roughing at Temperature (SMART) combines large total 

reductions with a high maximum number of passes and a reasonable temperature 

control. Figures 3.1 a,b and 3.2 show a photograph and a sketch of SMART. This 

installation is described below. 

SMART is based on a conventional laboratory mill. Here, a 50 tonne Hille reversible 

mill was used. Table 3.1 gives the technical details of the mill [60]. lt is equipped 

with a P.C.-based data-logging system that logs time, rolling speed, rolling load and 

the temperature of the specimen. To avoid too large data-files, these parameters 

are Jogged at two different logging rates [61]. During the inter-pass times a log-
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frequency of 1 Hz is used. By pushing a button just before each pass, the fast 

logging (200 Hz) is activated. This way, it is possible to limit the size of the data-files 

without losing detailed information during the actual rolling. 

During some of the experiments on SMART, a lubricant was applied to the mill. This 

was done with a lubrication system which consists of a sponge that is fitted on top 

of the top roll. The lubricant is an emulsion of 1 part oil and 3 parts of water. lt is fed 

to the sponge from a squeeze bottle through a flexible tube. In this way there should 

always be more lubricant and thus less friction in between the top roll and the slab 

compared with the bottom roll. Therefore the slab should always tend to bend 

downwards rather than upwards. Since the table of the mill is directly adjacent to 

the bottom roll (figure 3.3), the slab will be straightened by the table, avoiding it to 

bend downwards. 

One of the essential features of SMART is the possibility to control the temperature 

of the slab. This is done by two tube furnaces directly adjacent to the rolling mill 

(figure 3.2). In each furnace, a stainless tube has been inserted. Within these tubes 

a flat plate was welded, to enable the specimen to slide from the mill table into the 

furnaces. 

Before the first pass, three Nichrome wires are attached to the slab as shown in 

figure 3.4. Using these wires the slab is pulled from ·one furnace through the mill into 

the other furnace. After each pass, the mill is reversed, set to its new gauge and 

then the slab is pulled back. 

From figure 3.4, it is seen that two wires are attached to the 'head-end' of the slab, 

where the tail-end has only one (central) wire. The rationale behind this 

arrangement is that one operator can steer the slab while the other just has to 

provide enough tension in the wires. Figure 3.4 also shows that the slab is 

chamfered on one side to ensure that it will bite on the first pass. This configuration 

has been used for the majority of the experiments. However, the experiments on 

material B used a slightly modified design. This material was only available as a 

slab of 25 mm thickness. The initial thickness needed was 58.6 mm. Therefore a 
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tandem-configuration was designed (figure 3.5). Each slab consists of two pieces of 

metal side by side which are held together by an extra set of wires. 

During rolling, the temperature of the slab is monitored via a thermocouple inserted 

in the centre. Because of the high total reduction, a conventional metal sheeted 

thermocouple (K-type, 01.5 mm) cannot be used. The thermocouple itself would be 

squashed too much, causing it to short-circuit. To overcome this problem, the tip of 

the thermocouple is put into a stainless tube (I.D. 1.6 mm, 0.0. 2.4 mm) to reinforce . 
it. However, just sleaving the thermocouple is not enough to ensure a reliable 

temperature read out. During the deformation, metal flows around the tip of the 

thermocouple. When this tip consists of bare wires {as is the case when the 

thermocouple is re-welded upon its second and further use) , the wires will break. 

To avoid this problem, the tip of the stainless tube is filled with silver braze, thus 

protecting the wires of a 'used' thermocouple and ensuring good thermal contact 

between the slab and the wires {figure 3.6). 

The slabs were heated from room temperature in a chamber furnace close to the 

mill {next to one of the tube furnaces, see arrow in figure 3.1 a). After this, they were 

transferred into the first tube furnace. During this transfer the wires were attached to 

the slab. To limit the heat-loss during the transfer, the table on which the slab was 

put to attach the wires was insulated with an alumino-silicate fibre mat [62]. 

From practical experience, the optimal dimensions for the slabs were derived. To 

keep the length after the last pass as short as possible, it is desirable to start with 

the shortest length feasible. lt turned out that the ·length of the slab had to be at 

least 1.2 times its thickness. Shorter slabs tended to roll rather than slide when 

pulled through the furnaces. The width of the slabs is governed by the dimensions 

of the tube furnaces. To ensure plane strain conditions, the slab should be made as 

wide as possible. lt turned out that a width between 4 and 5 cm gave the best 

results. 
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3.2.1 Rolling schedules 

In this work a range of rolling parameters was used. All the rolling tests can be 

summarised into 6 series. Series 1 is a 9 pass schedule, series 2a to 2d are 14 

pass schedules with specific conditions and series 3 is rolled with a different mill 

having a different roll radius. Table 3.1 gives the technical details of this Robertson 

mill. 

Table 3.2 shows an overview of the main parameters during all the rolling tests: 

These are discussed below 

3.2.1.1 ~eri~ 1 

Since there was no practical experience with SMART, a relatively simple schedule 

was used first. The objective of this test series was to gain experience with SMART. 

The initial tests were carried out, using a nine pass. schedule that will be referred to 

as series 1. Table 3.3 shows the processing parameters for this schedule. The 

slabs were homogenised using the temperature history of figure 2.4 and 

subsequently air-cooled to room temperature before being reheated and rolled. 

During these experiments no lubricant was applied. The tube-furnaces were set at 

750 oc. Figure 3. 7 shows the temperature profile throughout the tube-furnaces at 

this set point. The centre region of the furnaces {695±15 °C) was used to reheat the 

centre of the slab during the inter-stand times. 

3.2.1.2 Series 2 

Once the experimental difficulties of SMART had been overcome, a second rolling 

schedule was derived. This schedule is based on industrial data taken from Vatne, 

Oscarsson and Ekstrom [63J, [64}. From these data, the initial temperature, strain, 

strain-rate and mean zone-thickness/contact length ratio (&from equation 2.8 were 

used to calculate the laboratory schedule. This schedule was then used to do four 

series of experiments. Table 3.4 shows the general processing parameters for 

series 2a, 2b, 2c and 2d. 
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The objective of the first series of experiments with this schedule (Series 2a), was to 

mimic the industrial situation as closely as possible. Therefore, the homogenisation 

treatment was integrated. This is normally the case in industry where the 

homogenised slabs are transported to the rolling mill while still hot. In the laboratory 

this was done by homogenising the as-cast material in a chamber furnace near the 

mill (arrow in figure 3.1a) followed by a hot transfer to the tube furnace. 

Furthermore, a lubricant was applied to the mill. The tube furnaces were set at 

750 oc. The microstructural development throughout the schedule was studied by 

quenching slabs at intermediate stages. The slabs were quenched after the inter 

stand time after the last pass. Also, the recrystallisation kinetics of the material after 

10 and 13 passes has been determined. To do this, the material was quenched 

directly (within 10 s.) after the 10th and the 13th pass. Specimens from these tests 

were then annealed for different time spans in a salt bath at two different 

temperatures (330 oc and 450 °C). 

Series 2b studies the influence of the homogenisation practice. To do this, the 14-

pass schedule was applied to material that was homogenised, air-cooled and then 

reheated before rolling. 

Series 2c looks at the influence of rolling temperature throughout the process. To 

change this parameter, the set point of the tube furnaces was altered to 650 oc. 
Again, the central zone was used for annealing. Figure 3.7 shows that the 

temperature in this zone was 580±15 oc. Some specimens from this series were 

quenched directly after the 131h pass to be able to study the recrystallisation 

kinetics. 

Finally, the influence of chemical composition was studied (series 2d). To do so, 

some as-cast commercial material was obtained from a different supplier. This 

material was then rolled, using the same parameters as for series 2a. 

3.2.1.3 Series 3 

To check the validity of the spread equations derived from the SMART-results a 

short test series was carried out on another mill (for technical details, see table 3.1 ). 
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This Robertson mill has a different roll radius of 123.8 mm. The Robertson mill is a 

very simple, reversible rolling mill that can only be operated at one set speed. Table 

3.5 shows the rolling parameters for this schedule (series 3). lt must be noted that 

this mill is not equipped with any furnaces that are directly adjacent. The slabs were 

therefore heated up to 600 oc and then air-cooled to the rolling temperature of 

550 oc. After each pass they were quenched. After measuring the dimensions, the 

slabs were reheated to 600 oc again and then rolled for the next pass. During the 

rolling no lubricant has been applied. No microstructural characterisation was 

carried out for this series. 

3.3 Plane Strain Compression 

The Plane Strain Compression machine as available at the University of Sheffield 

was used for the derivation of the constitutive equations. This machine has been 

discussed at length elsewhere [16] [56], hence only a short description is given 

here. 

In figure 3.8a,b,c a schematic drawing of the main components of the Sheffield 

machine is shown. For a typical test, the specimen (<D) is put into two arms(®) that 

are mounted on a trolley. The trolley is positioned in such a way that the specimen 

is in the reheat furnace(®) (this furnace can be roll~d over a set of rails towards the 

trolley). Now the specimen is heated (typical heat up rate for an aluminium 

specimen is 2 °C/s) to the test temperature. The reheat furnace is then rolled back 

and the arms are put in line with the main furnace. Now the specimen is transported 

into the test furnace (®) (see figure 3.8c). To carry out a test, the top tool (®) 

comes down at a controlled speed, thus deforming the specimen. The speed is 

controlled in such a way that it is possible to deform the specimen at any given 

strain-rate profile. The deformation is stopped when the wedge (®) halts the top 

tool. The exact position at which this happens is controlled by the wedge position 

that is set for each deformation by the control software. The top tool then moves 

upwards again and the trolley moves backwards, transporting the specimen into the 

quench unit (<V). Now the door of the quench-unit(®) closes and the specimen is 

sprayed with water until it is cooled down to room temperature. During the test, the 
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temperature of the specimen is logged from a metal sheeted thermocouple that is 

inserted in a hole in the specimen. This hole is drilled in the deforming centre of the 

specimen. Furthermore, the time, position of the top tool and the force are logged. 

Apart from the temperature of the furnaces, the temperature of the tools can be 

adjusted by means of tool-heaters that are inserted in both the top and the bottom 

tool. The dimensions of a standard specimen are 1 0*50*60 mm (h*b*l), the tools are 

15 mm wide. 

The experimental schedule for the derivation of the sigma(Z) equations is given in 

table 3.6. Each specimen was deformed to a true strain of 1.5. The strain rate was 

kept constant during the deformation. 

Two types of material were used for these tests. Firstly, the material taken after 10 

passes from series 2a on SMART was tested. Secondly, the sigma(Z) equation of 

the industrial transfer gauge material was determined. 

3.4 Microstructural characterisation 

The microstructure of the deformed and quenched specimens was analysed using 

several techniques. The grain structure was studied on specimens that were 

polished to % 11m and subsequently electro-chemically etched using Barkers' Etch 

(5 % HBF4 in H20, 20 V, 3 min). The size and shape of the different grains was 

studied, using polarised light. From this, the fraction recrystallised was derived via 

point counting. When the fraction recrystallised was below 0.5, the spacing between 

points was chosen in such a way that the average number of points falling in any 

recrystallised colony did not significantly exceed unity. For higher fractions 

recrystallised, this rule was applied to the non recrystallised colonies. A minimum of 

500 points was used per specimen. These were taken from 5 randomly selected 

areas at a specified depth below the surface. Each area was analysed with the aid 

of a grid that was inserted in the microscope, which made it possible to count a 1 00 

points without having to move the stage. To fulfil all the requirements the 

magnification was adjusted according to the grain size. 
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The texture of the specimens was determined with a standard X-ray goniometer. 

The ODF's were calculated from four incomplete ·pole-figures {220}, {311}, {111} 

and {200}. From the ODF's the fraction of the main texture components was 

calculated using the software developed by Van Houtte [65]. The components were 

allowed to deviate 16.5° from the ideal orientations. 

The conductivity was measured with a Sigma-tester [66], using a frequency of 

480 Hz. All measurements were done in the centre region of each specimen. 

Finally the second phase particle distribution of some selected samples was 

determined using scanning electron microscopy. The polished samples were 

analysed in a JEOL 840 SEM interfaced to a LINK image analyser. The SEM image 

appeared on a 90 X 90 mm2 CRT screen with 1 024 * 1 024 pixels. The outcome 

from this investigation was the area of each particle, the total particle area fraction 

and the average aspect ratio of the particles. These 20 results were than corrected 

to represent 30 situation. This was done with the Schwartz-Saltykov analysis 

(described by Underwood in [67]) as programmed by Furu [48]. 
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4. Results 

4.1 On-line measurements 

During each experiment on SMART the time, temperature and load are measured. 

Figure 4.1a and 4.1b show a typical output for a 9 and a 14 pass experiment from 

series 1 and 2a respectively. The temperature and the rolling loads are plotted as 

function of the time. 

Figure 4.2 shows the temperature profile from a 13 pass experiment from series 2c 

(lower furnace set-point) as well as the temperature profile from series 2a. This 

specific specimen from series 2c was quenched directly after the last pass (in this 

case after the 13th). lt is seen from this figure that such a procedure takes only a few 

seconds after the last deformation. 

More details about the specific temperature histories that are shown in figure 4.1 b 

and 4.2 are given in chapter 4.5: "Modelling results". 

In figure 4.1 b it is seen that some passes (pass no. 8, 10, 11, 13 and 14 in figure 

4.1b) have generated none or very little load signal. This happens when the fast 

logging system has been started too early or too late, thus missing the actual 

deformation. However, by combining the results of different experiments a load 

value for each pass has been deduced. From those values, the specific roll force 

per unit width for each pass i (F~pec) was calculated using equation 4.1. 

F' = F~, 
spec b contact (4.1) 

In this equation bcontact is the average length of the contact line between the sample 

and the rolls, during the pass. How bcontact is obtained is discussed below. Table 4.1 

shows the values for the specific roll forces. 
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However, because of the experimental set up, b:~tact (which equals b:~~ct for the 

next pass) is difficult to measure since the specimen is in the furnace. To obtain a 

value for bcontact a model was used. This model (equation 5.9) is described in more 

detail in chapter 5.1 0. The fit parameters for this model were acquired by measuring 

b:~tactof all the specimens after they were quenched. This was done by measuring 

the width of the surface that had touched the rolls (see figure 4.3). Figure 4.4 shows 

the results of these measurements. The data for figure 4.4 were taken from the . 
results of four of the five experimental schedules (series 1, 2a-c, 3). Only the data 

from series 2d (different chemical composition) were not taken into account. The 

rather special way, these specimens were machined, is believed to influence the 

lateral spread in such a way that non representative data are generated from these 

tests. Therefore, this series has been completely excluded when discussing the 

lateral spread phenomena. For the same reason, the rolling loads measured during 

series 2d were not used in the calculation of the specific roll forces. 

In figure 4.4 the results of series No. 3, the seven pass schedule on the Robertson 

mill are shown as a separate series. 

4.2 Gauge control 

As it is in industrial rolling, gauge control is a problem on the laboratory mill. 

Especially since the Hille mill is not equipped with an on-line gauge displacement 

transducer, it is not possible to get on-line information about the distance between 

the rolls during each pass. The only possibility to obtain this information is by 

measuring the height of each specimen before and after each experiment. 

However, this only works accurately for single pass experiments. To get an idea 

about the accuracy of the gauge control during multi pass SMART experiments, the 

final thickness of each specimen was compared with the value prescribed by that 

schedule. lt was found that there was no systematic error and that the values 

showed a standard deviation of 0.17 mm. 
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4.3 Characterisation of microstructure 

To study the microstructure of the material during the break-down process, 

specimens have been quenched at intermediate stages. In the following sections, 

the microstructure is often displayed as a function of "Pass number'' or "Cumulative 

strain". "Pass number'' should be understood as the last pass the specimen has 

undergone including the inter-stand time after that pass. This means that the results 

for pass number x represent the microstructure just before the slab would have . 
been deformed for the (x+1)1

h time if the rolling process had not been interrupted. 

When x is the final pass, the structure as it would have gone into the tandem mill is 

quenched. For "Cumulative strain" the same explanation should be followed where 

the strain is calculated using equation 2.2, with h, being the final thickness of that 

specimen . 

. The results of the microstructural analyses are discussed below. Tables 4.2 to 4.6 

show an overview of all the microstructural features that were measured for the 

. different experimental series. 

4.3.1 Resistivity 

Figure 4.5 shows the resistivity results for the series 2a. Figure 4.6 shows the 

resistivity measurements for series 2b (separated homogenisation, 14-pass), the 

eye lines from figure 4.5 are also included. Series 2d (different chemical 

composition, 14-pass) and the eye lines are shown in figure 4.7. Finally the results 

from series 1 (9-pass) and 2b are shown in figure 4.8. Since two different pass 

schedules are compared in this figure, these data are displayed as function of total 

strain rather than pass number. 

4.3.2 Texture 

From the nine-pass schedule (series 1 ), the texture on the centreline has been 

measured. Figure 4.9 shows the OOF after 9-passes. From each ODF the fraction 

of the different texture components has been calculated using Van Houtte's 

software [65]. Figure 4.10 shows the volume fraction of the S-component as it was 
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calculated by this software. There was no systematic development in the Cube 

component. This fraction was constant around a level of 0.05 ± 0.01. 

Figure 4.11 and 4.12 show the volume fractions Sand Cube as a function of pass 

number for the series 2a,b,c,d. 

4.3.3 Optical microscopy 

The main result from the investigations with optical microscopy consists of th~ 

recrystallised fractions of the slabs throughout the different stages of the rolling 

schedule. 

Figure 4.13 and figure 4.14 show the fraction recrystallised as function of the scaled 

depth below the top surface. This parameter is calculated by dividing the depth 

below the top surface by the total thickness of the specimen, i.e. figure 4.13 shows 

significant asymmetry about the centre line. 

Figure 4.15 shows the data of all the specimens that were quenched after x-passes 

plus inter-stand time. 

Furthermore the recrystallisation kinetics of the material directly quenched after 10 

and 13 passes for series 2a and directly quenched after 13 passes for series 2c 

was determined. When the 10 pass material was annealed up to 60 000 s, at a 

temperature of either 330 oc or 450 °C, no recrystallisation was observed. 

Figure 4.16 shows he Avrami curve of the 13 pass material from series 2a, which 

was quenched directly and then salt bath annealed at 330 oc. The curve for 'the 

series 2a material' can be described with t50= 1.1 104 s and n=0.45. 

Annealing '13 pass, series 2a material' at 450 oc, resulted in recrystallisation 

kinetics that were too fast to be measured in this way. 

Figure 4.16 also shows the Avrami curve from the material that was quenched 

directly after 13 passes of series 2c (rolling schedule at a lower temperature). This 

curve can be described with t50= 89 sand n=0.83. 
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Figure 4.17a and 4.17b show the grain structure of the material from series 1a, after 

0 and 9 passes. 

For series 2a, figure 4.18a,b,c shows some typical microstructures after 5, 10, 12 

and 14 passes. The initial grain structure of this series is identical to that shown in 

figure 4.17a 

4.3.4 Size and size distribution of the constituents 

The second phase particle distribution of some selected samples was determined 

using scanning electron microscopy. In figure 4.19ab, 4.20ab and 4.21a the 

constituent particles after 0, 10 and 14 passes are shown for series 2a and 2d. lt 

must be noted that any Mg2Si will not be visible in these pictures. By analysing a 

minimum of 1000 particles for each sample, a size distribution histogram was 

determined. From these histograms, the values of ~, H, L and N0 from equation 

2.41 were calculated. Table 4.7 shows these parameters for the measured samples. 

4.4 Plane Strain Compression tests 

The on-line output of the plane strain compression machine contains time, 

temperature, load and displacement. These data have been combined using the 

algorithms described by Silk and van der Winden (68] to obtain the equivalent 

stress-equivalent strain graphs (A copy of reference [68] can be found in appendix 

B). By doing this, the data are corrected for lateral spread and friction. The 

deformational heating increases the temperature of the specimen during a test. 

Therefore, it is not correct to assume iso-thermal conditions. To calculate iso­

thermal stress-strain curves, the measured stress levels have been corrected using 

equation 4.2 [69] 

(4.2) 

Where crtest and rtest are the experimental values of stress and temperature of each 

data point. Qdet is the activation energy for deformation ( 156000 J/mol) and R is the 
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universal gas constant. Furthermore, Po is found from curve fitting the exponential 

law sigma(Z) equation (equation 2.12) to the instantaneous values of Z and a. 

Now the iso-thermal, equivalent stress versus the equivalent strain can be 

calculated for each test. A typical example of this is shown in figure 4.22. From the 

results of all the plane strain compression tests, table 4.8 and 4.9 were derived, 

which show the steady state and E=0.1 stresses for all testing conditions. Figure 

4.23 illustrates these data. They were then used to fit the empirical Sigma(~) 

equations (equation 2.12 and 2.13) The results of this exercise are shown in table 

4.10 for both the 1 0-pass and the transfer gauge material. Table 4.11 shows the 

same results for E=0.1. 
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4.5 Modelling Results 

In table 4.12 the input parameters used by SLIMMER for the industrial situation are 

given. The thermal history of this run of SLIMMER is seen in figure 4.2. From this 

figure it is seen that the model predictions of SL1Mfy1ER differ considerably from the 

measured temperature history for series 2a. Therefore, it does not make sense to 

use the roll force predictions of this run of SLIMMER. To obtain more meaningful roll 

force predictions, each individual pass was simulated on SLIMMER separately. The 

input that was used for these runs is taken from table 3.4. However, the version of 

SLIMMER that was used for this work only comprises Al-1 Mg and its constitutive 

equation. To be able to compare the SLIMMER results of AI-1Mg with the SMART 

measurements on AA3104, the roll force predictions have been adapted. This could 

be done easily, since the constitutive equations of both alloys are known (equation 

2.32 and table 4.1 0). This enables us to calculate the ratio between the average 

flow stress of AI-1Mg and of AA3104. Now a SLIMMER prediction can be obtained 

for AA3104 by multiplying the AI-1Mg results with this ratio. Table 4.1 shows the 

results of this exercise. 

Table 4.13 shows the modelling constants for the NTNU-model. These were all 

derived from AA3004/AA31 04 data from the literature. The rolling parameters for 

this model were taken from table 3.4. lt must be noted that the NTNU-model 

assumes the annealing temperature after a pass to be the same as the deformation 

temperature of that pass. Since the annealing temperature is more important for the 

NTNU model, this temperature (from table 3.4) was also used as deformation 

temperature. 

From the SEM results (figures 4.19ab, 4.20ab, 4.21a) it is seen that the size 

distribution of the second phase particles in the slab is (quantified by the 

parameters H and L of equation (2.41)) is not constant during the entire rolling 

sequence. However, the model assumes this to be the case. To see how sensitive 

the model predictions are to the evolution of the second phase particles, the model 

was run twice more using the data of series 2a. However, for each run a different 

set of values for H and L was used. The first run of the model used the 'As 
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homogenised' parameters. The predictions of this run are represented by the red 

bars in figure 4.24. The second run {the blue bars in figure 4.24) used H and L as 

they were measured from the material after 14 passes. 

The output of the model for these two conditions is shown in figure 24-a,b,c. lt must 

be noted that the recrystallised grain size {figure 24-b) is set to zero if no 

recrystallisation occurred. 
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5. Discussion 

5.1 Introduction 

The discussion of the present work is split into two sections. First all the 

experimental results will be discussed. This is then followed by a discussion 

that deals with the validation of the two computer models that were used in 

this work: SLIMMER and the NTNU-model. 

The first section is structured as follows. First the chemical compositions of 

the present alloys are compared with those found in the literature. This is 

followed by a discussion about the temperature profiles and rolling loads that 

were measured during the experiments on SMART. Then the mechanical 

behaviour of the material as measured during the PSC tests is discussed. 

This is followed by a discussion about the different aspects of the 

microstructural evolution of the material during break down rolling. Finally the 

lateral spread of the specimens during rolling is discussed. 

The second section starts with a comparison of the SLIMMER predictions with 

the experimental results as far as the temperature history and the rolling 

loads are concerned.' Then the NTNU-model is validated against the present 

experimental results. 
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5.2 Chemical composition 

Table 2.3 shows the limits for AA3104 and AA3004 as prescribed by the Aluminium 

Association [18). lt is seen that the difference between these alloys mainly lies in 

the limits for Si and Mn. When the literature is studied, a wealth of chemical 

composition data, measured from material produced by the different aluminium 

manufacturers can be found. These are also shown in table 2.3. lt must be noted 

that these compositions do not necessary represent the commercial compositions 

as produced today. However, from table 2.3, it becomes clear that there is very little 

difference in the actual chemical compositions. Also the label 3004 or 3104 does 

not indicate any difference in chemical composition. Apart from the chemical 

composition, very little information is normally given about the processing 

parameters. Therefore, it can be expected that the differences in properties of 31 04 

from different suppliers (or even different batches) are not smaller then the 

difference between 3104 and 3004. This leads to the conclusion that it is allowable 

to compare the literature values of 31 04 and 3004 with each other. 
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5.3 Temperature histories 

One of the parameters that needs to be mimicked carefully when simulating hot 

rolling, is temperature. The control of temperature is a key aspect of SMART. Figure 

4.1 a shows the temperature history as measured from series 1. 

The objective of series 2a,b,c,d was to simulate the industrial process. Therefore, it 

would have been best to use temperature measurements from industry as the 

target. However, such measurements were not available. Instead SLIMMER was 

used to simulate the industrial rolling schedule, thus providing a temperature-time 

curve that was used as the target for the SMART experiments. This target is shown 

in figure 4.2, where the red line represents the output of the SLIMMER simulation 

using the industrial process parameters. 

Setting the tube furnaces at 750 oc, the blue temperature history in figure 4.2 was 

logged for a 14 pass experiment. lt is clear from this figure that both the roll-quench 

during deformation and the heat-up rate during the inter-stand time increase with 

pass ·number. This is caused by the decrease of the thickness of the specimen, thus 

reducing the thermal mass per unit length. Apart from this effect, figure 4.2 also 

shows some more irregular features. For instance between pass 9 and 10, the 

temperature is almost stable. This occurs when the specimen is taken to the end of 

the furnace in order to rotate it around the RD-axis (why this was done is explained 

in section 5.5). This 'flip' was carried out after each 71
h, 91

h, 11th and 131
h pass. 

Occasionally it did not go as smoothly as hoped, resulting in a low heat-up rate. 

After pass number 13 and 14 the temperature levels out at 500 oc. This is caused, 

by a deliberate move of the centre of the specimen to the edge of the hot-zone. This 

was done to avoid overheating and possible melting of the specimen. 

Comparing the red (SLIMMER-target) and the blue (measured history from series 

2a) with each other, it is seen that the experimental temperature lies below the 

target for the first 12 passes. During the inter stand time between pass 12 and 13, 

the specimen heats up so much that its temperature rises above the target value. 
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The data for the green line in figure 4.2 are also measured during an experiment 

using SMART. However, the experiment that ·is represented is a 13 pass 

experiment where the furnaces were set at 650 oc (series 2c). This resulted in a 

slower heat-up during the inter-stand times, yielding a lower temperature profile. In 

this test, the temperature at the 131
h pass stays below the target value. lt may 

therefore be expected that the industrial microstructure after 13 passes lies in 

between that from series 2a and 2c. 
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5.4 Sigma(Z) behaviour 

Table 4.10 shows the results from the fitting of equation 2.12 and 2.13 to the steady 

state flow stress that were measured on the PSC-machine for both the 1 0-pass and 

the transfer gauge material. These results are graphically represented in figure 5.1. 

lt is seen from figure 5.1 that both equation 2.12 and equation 2.13 describe the 

present results equally well. However, a disadvantage of equation 2.12 is that if 

extrapolated to very low values of Z (In Z < 20), it results in negative values for the 

steady state flow stress. Equation 2.13 does not suffer from this since it cannot 

become smaller than 0 for any value of Z. 

From table 4.10 and figure 4.23, it can be concluded that the Sigma(Z) behaviour of 

the steady state stress of the 1 0-pass material is not significantly different from that 

of the transfer gauge material. 

Especially during the first passes of break-down rolling, even the average strain per 

pass is not high enough for the material to reach steady state. Because of the 

inhomogeneous strain distribution through the thickness, the strains at the centre 

line of the material will be even lower. Therefore it is not sufficient to consider just 

the steady state flow stress to characterise the mechanical behaviour of the slab 

during break-down rolling. To get an idea about the mechanical behaviour at low 

strains, equation 2.12 is applied to E=0.1. This value was chosen since it is the 

lowest strain at which the experimental problems associated with measuring low 

strains in a compression machine can be avoided (for more details about this see 

appendix a [68]). 

Table 4.11 shows the values for pg·1 for both the 10 pass and the transfer gauge 

material. lt can be seen that the differences between these values are even smaller 

than those found for the steady state parameters. 

Table 4.10 and 4.11 also show some parameters for equation 2.12 that were found 

in the literature {Andersson et al. [64] and Castro Fernandez et al. [46]). All the 

results from table 4.10 are graphically illustrated in figure 5.2. lt is seen that the 
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differences in parameters from the different authors do not yield very different flow 

stress predictions. 

Andersson used a rolling schedule that is similar to the present 14-pass schedule 

and therefore his results can be integrated with the present ones. lt is seen that his 

results confirm that the steady state stress of the material does not change 

significantly throughout the break down schedule. 

Figure 5.2 also shows the model predictions for the steady state flow stress that are 

taken from Gelin et al. [70]. They use an equation that is somewhat similar to 

equation 2. 13. 

108.3 
cr = o 21 + 

( 1 + exp(~2.84)) · 

. ( z ')Ys.s [ _( 103.5 2 )] 
70 arcs m h exp( 40_2)) 1.3 1- exP\ -7 Z E 

(5.1) 

lt must be noted that these authors use a uncommon simplification when defining 

the Zener-Hollomon parameter. Rather than Z = e exp( ~~,) , they use 

Z = e exp( ~'). Q' is set to 21000. When these results are calculated back to the 

normal definition of Z, this means that Gelin uses a value for Qdef of 21000*8.313= 

174 kJ/mol. The results shown in figure 5.2 have been corrected for this, to make 

them comparable with the other data that apply Qder=156 kJ/mol. lt can be 

concluded that this model predicts comparable values for the steady state flow 

stresses for the Z-values considered. 

From table 4.11 it is seen that the parameters for equation 2.12 that were found for 

the present work for E=0.1 do not agree as well with those from Castro-Fernandez 

[46]. This may be caused by the differences in the fraction recrystallised of the 

material that was studied in both projects. In the present work, both the 1 0 pass and 

the industrial transfer gauge were 20% recrystallised before the PSC-testing. From 
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the non-deformed shoulder, it could be concluded that this fraction had not changed 

during the reheating to the test temperatures. Castro-Fernandez used fully 

recrystallised material to perform his PSC-testing. This difference will result in 

relatively large differences in stress-strain behaviour upon low strains. When the 

stress gets closer to steady state, the influence of the initial microstructure will 

decrease. Another factor that could contribute to the difference in the parameters 

for e=0.1 are the experimental difficulties associated with measuring stress values 

during PSC-testing at low strains. 
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5.5 Recrystallised fraction 

The recrystallisation phenomena from the present work, are discussed from 

three viewpoints. Firstly the recrystallisation within one single specimen is 

discussed. The fraction recrystallised as a function of the depth below the 

surface is studied. Then the bulk values of the fraction recrystallised of all the 

specimens of the different series are compared with each other. Finally, a 

closer look at the recrystallisation kinetics of some selected samples is made. 

Figure 4.14 shows a typical profile of the fraction recrystallised of a partly 

recrystallised sample taken from SMART. On the x-axis of this figure the 

scaled depth below the surface is plotted. lt is seen that both the top and the 

bottom surface are fully recrystallised, but much less recrystallisation 

occurred in the central region of the sample. This can be understood from the 

slip line field analysis of break-down rolling (see figure 2.6). lt is seen that the 

local strain during break-down rolling is distributed in-homogeneously through 

the thickness of the slab. The areas near the top and the bottom surface are 

sheared much more than the area around the centre line. Even when there is 

no friction between the mill and the slab, the strain path at the surface will be 

different compared with the centre. With higher (more realistic) friction 

conditions, an extra shear becomes superimposed upon the compression 

deformation. Besides the effect of the strain distribution, there is also an effect 

of temperature distribution. This is caused by the chill effect that the rolls 

exhibit upon the slab. This means that the surface will chill during the 

deformation. Therefore it is deformed at a lower temperature compared with 

the centre of the sample. This means that in the slabs from an industrial mill 

and those from SMART, the surface areas will have the biggest driving force 

for recrystallisation and thus recrystallise faster than the centre of the slab. 

Upon subsequent annealing, the centre region of the slab •catches up' with 

the surface regions, with increasing time. 

The results from figure 4.14 represent a partly recrystallised structure, where 

the centre is 20% recrystallised. lt is seen that the profile is symmetrical 
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around the centre line. In figure 4.13, a profile of a specimen that has 

undergone fewer passes (8 rather than 11 ). This figure shows a profile that is 

not symmetrical at all. lt turned out that the recrystallisation kinetics was 

reproducibly faster at the top of the slab compared with the bottom. An 

explanation for this must be found in some asymmetry in the deformation 

conditions of SMART. The biggest asymmetry in the specimen is the chamfer 

that is machined on the head end of the slab (see figure 3.4). However the 

asymmetry in recrystallisation kinetics occurred to the same extent towards 

the head as towards the tail end of the slab. Also, experiments where the slab 

was chamfered on both the top and the bottom showed the same asymmetry. 

Therefore it is believed that the chamfer is not the cause of the asymmetry in 

recrystallisation kinetics. 

Also, different friction conditions between the top roll and the slab compared 

with the bottom roll could also cause the bending. If the coefficient of friction 

on the top side would be much higher compared with the bottom, then this 

would result in much more localised deformation in the top half. This could 

then result in a faster recrystallisation near the top surface of the slab. The 

coefficient of friction is controlled by: the lubricant, the surface condition of the 

slab and by the surface condition of the rolls. The lubricant is fed from the top 

(see figure 3.2 and 3.3). Assuming that the coefficient of friction will decrease 

with the· amount of available lubricant makes it unlikely that the lubricant 

would cause the top roll to have a higher coefficient of friction. The surface 

quality of the slabs was completely symmetrical and therefore this cannot 

explain the asymmetry. 

This leaves the surface quality of the rolls. From visual inspection, no 

difference in surface quality could be detected. Also the hardness of both rolls 

was the same. However, it could be that a more detailed study of the rolls 

could result in some asymmetry. lt was decided .that this is beyond the scope 

of the present research. 

Another factor that could influence the distribution of the recrystallisation 

kinetics through the thickness of the slab is the temperature distribution. Just 
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before an~ directly after the deformation, it slides over the cold tables (see 

figure 3.3). This results in some heat loss towards the bottom that will be 

bigger than the heat loss to the air that surrounds the top half. Therefore the 

local deformation temperature could be somewhat lower at the bottom. A 

further temperature gradient could be introduced by the difference in heat 

transfer coefficient as a consequence of different lubrication conditions 

between the top and the bottom roll. This effect could cause an asymmetry in 

the chill effect of the rolls which might explain the bending. Since the 

temperature was only measured on the centre line, the present experiments 

do not provide enough information to judge whether this effect is strong 

enough to explain the bending. However, more research is necessary to 

determine whether this temperature effect is big enough to explain such a 

dramatic asymmetry in the evolution of the microstructure. 

lt is concluded that no satisfying explanation is yet found for the asymmetry in 

recrystallisation kinetics and more research in necessary. However, this 

asymmetry resulted in a very big experimental difficulty. As soon as the 

specimen started to recrystallise from the top surface, it also started to bend 

upwards. This even resulted in a specimen being wrapped around the top roll. 

To overcome this problem, the following solution was implemented. For all 

experiments of series 2a,b,c,d the specimen was rotated around its 

longitudinal axis after the 71h, gth, 11th and 131h pass. This resulted in a 

symmetrical microstructural evolution and stopped the specimen from 

bending upwards. 

The next viewpoint from which the recrystallisation has been studied, is the 

fraction recrystallised with which the slab enters the next pass. Series 1 

showed no detectable recrystallisation for any of the passes. This is caused 

by the relatively low temperature of the schedule in combination with the low 

reductions per pass. 

Figure 4.15 shows the recrystallised fractions for series 2a,b,c,d. lt must be 

noted that the measurements for this figure were taken at a scaled depth 

between 0.4 and 0.6 for all the specimens. There were no samples taken 
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before the fifth pass for any of the series. However, by relating the grain­

thickness (measured in the NO direction) to the total reduction, it could be 

concluded that no recrystallisation occurred in between any of the first five 

passes. Furthermore, the results from all the four series using the 14 pass 

schedule are very similar. This suggests, that neither the two chemical 

composition, nor change in homogenisation treatment, nor the difference in 

rolling temperature influence these results very strongly. For all these series, 

severe recrystallisation starts after the tenth pass where a sufficient 

cumulative strain is combined with a long enough inter pass time at high 

enough temperature. However, this result does not necessarily mean that the 

recrystallisation kinetics of the material is the same for each series. 

From a modelling point of view it is necessary to know the recrystallisation 

kinetics throughout the rolling sequence. To investigate this, some selected 

samples from series 2a, were quenched directly after the 1 Olh and the 131
h 

pass. For these samples the recrystallisation kinetics were determined using 

salt bath annealing. 

lt was found that the 1 0-pass material does not recrystallise within 60 1 03 s 

(= 16 hours and 40 min) even at 450 oc. This means that it can be expected 

that the texture of the slab does not change during this period either. The 

industrial relevance of this result is that an extended inter-stand time at this 

stage of the production process (for instance due to a malfunction in the 

finishing mill) should not influence the microstructure of the final product. lt 

must be noted that this conclusion is only valid if such an interruption does 

not influence the rolling temperature of any subsequent passes. 

When annealed at 330 oc, the 13-pass material does start to recrystallise 

within a short period after the last pass (see figure 4.16). When comparing the 

1 0-pass material with the 13-pass material, it could be concluded that the 

recrystallisation kinetics of the material changes dramatically. However, from 

equation 2.23 it is seen that the time for 50% recrystallisation is not only a 

function of the annealing temperature but also of the initial density of nuclei 

and the deformation conditions. These factors can be summarised as the 
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driving force for recrystallisation. From table 4.3 it can be concluded that from 

the 10 pass material, only a small fraction has recrystallised during its history. 

This means that the driving force for recrystallisation has only been reduced 

via static or dynamic recovery. If one assumes all the material to be 

sufficiently recovered during the deformation (i.e. no static recovery), it can be 

concluded that the driving force does not decrease during the inter-stand 

times of the first 1 0 passes. Therefore, the total driving force can be 

estimated by assuming the total reduction of all 1 0 passes to have happened 

during one pass. The strain of this pass (e1_10) is the sum of the first 10 

passes. The average values for the strain. rate ( &1_10 ) and the temperature 

( T1_10 ) can be calculated by using the fraction e1•10 as weight factors. For 

81_10 , equation 5.2 applies. 

(5.2) 

An analogue equation applies to the temperature and from these two 

parameters the average Z-value can then be calculated. 

lt is seen from equation 2.23, that that the time for 50% recrystallisation not 

only depends on the deformation conditions, but also on the grain size of the 

material. To calculate this param.eter for the imaginary 1-10 pass is not very 

straight forward. lt could be assumed that in the absence of recrystallisation 

or the formation of transition bands [30], the total number of grains (and thus 

the grain size) is constant. 

For the 13 pass material, the situation is rather different. This material was 

almost fully recrystallised before it entered the roll gap for the 13th time (see 

table 4.3). Therefore, the accumulated driving force just before the 13th pass 

can be assumed to be zero. This means that only the deformation conditions 

of the 13th pass need to be considered. 

Table 5.1 shows the deformation conditions for the 1-10 pass and the 13th 

pass. It is seen from this table that the faster recrystallisation of the 13 pass 

material can only be explained if the dependency of the (temperature 
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compensated) time for recrystallisation upon Z is much stronger than its 

dependency on e. In the literature [52] the power for the Z-dependency is 

reported to be -0.783 (=A3 in equation 2.28) for AA3004. No data were found 

for the dependency upon the strain. The nearest alloy for which the strain and 

Z dependency was determined is AI-1%Mg. Sellars et al. [71] found for this 

alloy 

Assuming equation 5.3 to be applicable to the present results, a decrease in 

strain from 1.64 to 0.39 yields a fo.s that is 24 times slower. Increasing Z from 

9.82 1010 to 1.55 1012 yields a fo.5 that is 20 times faster. The net result 

predicted by equation 5.3 would be that the 10 and the 13 pass material 

would have a very similar fo.5• The present experimental results do not agree 

with this prediction. 

This could be caused by the assumption that the influence of the grain size 

can be ignored. In the present work the initial grain size is 140 ).lm. After 13 

passes this is reduced to 67 ).lm. From equation 5.3, it can be concluded that 

a 50% change in grain size can change fo. 5 by a factor of 1 0. The fo. 5 of the 1 0-

pass material is several orders of magnitude slower than the t0.5 of the 13 

pass material. Furthermore, assuming the average grain size of the 1-10 pass 

to be equal to the as cast grain size can only result in a lower bound solution 

for fo.s· lt is therefore be expected that the real influence of the grain size on 

the recrystallisation kinetics is much less. Hence it can be concluded that the 

change in grain size cannot explain the difference in to.5 of the 10 and the 13 

pass material. 

An explanation of this could be that the coefficients for AA31 04 differ greatly 

from those of AI-1Mg. The manganese present in AA3104 will affect the 

recrystallisation kinetics. However, it is not expected that the manganese will 

affect the ratio between the grain size, strain and the Z dependency of the 

recrystallisation kinetics. 
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Another explanation could be found by looking at the recovery mechanisms 

that occur. In the discussion above it was assumed that no static recovery 

occurs. Reyes et al. [37] found that this assumption is not necessarily correct 

and that for hot rolling conditions, up to 20% of the retained strain (i.e. 

retained dislocation density, from which the driving force for recrystallisation is 

derived) can 'disappear' due to static recovery. Static recovery occurring 

during the inter-stand times of the first 10 passes could very well explain the 

much slower recrystallisation kinetics of the 1 0 pass material. However, more 

research is necessary to confirm this hypothesis. 

In figure 4.16, the recrystallisation kinetics of the slabs taken after 13 passes 

from series 2a and 2c can be compared. The material from series 2c was 

rolled at a lower average temperature throughout the schedule (see figure 

4.2). lt is seen that this shortens t50 by two orders of magnitude. This can be 

explained from the driving force that is generated during the deformation. 

When this deformation occurs at a lower temperature, the material will be 

stronger and therefore more work is put into the material. This yields a higher 

driving force for recrystallisation and thus faster recrystallisation kinetics. 

In the literature several sets of data are available for the recrystallisation 

kinetics of AA3104 in transfer gauge. Brand et al. [52] determined the 

recrystallisation kinetics from double deformation tests (uni-axial). They 

analysed their results using the principle of the temperature compensated 

time. Figure 5.3, shows the Avrami curve which can be deduced from their 

data for an annealing/deformation temperature of 330 oc and a deformation 

at a strain rate of 8.3 s·1 (i.e. the deformation conditions of the 131
h pass). In 

this figure the Avrami curve as derived by Belling et al. [72] for this alloy under 

the same conditions is also shown. Finally the recrystallised fractions as 

measured by Daaland [29] for 3004 after the last hot rolling step (i.e. after 

finishing) are shown. By comparing these three data sets with each other, it 

can be concluded that all these values although derived from alloys of 

different suppliers and measured in different ways, are quite comparable. 

Comparing these literature data with the present experimental results, it can 

be concluded that the results from series 2c are in good agreement. 
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5. 6 Resistivity measurements 

The rationale behind measuring the resistivity of the specimens is found in its 

relationship to the amount of dissolved elements. Altenpohl [73] found a relationship 

between the resistivity and the amount of dissolved iron, manganese, silicium and 

magnesium. This relationship is of the form of equation 5.4. 

R = 0.0267 + 0.032 ·[Fe]+ 0.033 · [Mn] + 0.0068 ·[Si]+ 0.0051· [Mg] (5.4) 

Where R is the resistivity and the square brackets indicate the amount of dissolved 

elements. The factors for the different elements have been refined since the original 

work of Altenpohl in 1965. The factors shown in equation 5.4 are taken from 

Tr0mberg [74]. 

From equation 5.4 it is seen that the precipitation of Mn and Fe atoms will have the 

strongest influence on the resistivity. When it is assumed that no precipitation of iron 

containing particles occurs, equation 5.4 can be used to follow the manganese 

precipitation. 

In this work the relative amount of dissolved Mn is of more interest then the 

absolute value. Therefore all results are discussed in terms of resistivity values 

without applying equation 5.4. 

In table 4.2 the results from the resistivity measurements from series 1 are shown. 

These measurements gave excellent reproducibility. The standard deviation within 

one specimen after 7 passes was 0.11% (3 measurements at different positions), 

while that of the average of 4 specimens after 7 passes, i.e. 12 measurements, was 

0.15%. Table 4.2 shows that the resistivity gradually decreases which indicates that 

the solute content decreases with increasing number of passes. This is in 

agreement with Sheppard [75], who found for a 3003 (AI~1Mn) alloy, 0.45 wt.% Mn 

is still in solution after homogenisation. After industrial hot rolling, he found that only 

0.34 wt.% manganese was still in solid solution. However, series 1 does not mimic a 

complete industrial break~down schedule. 
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Series 2 does mimic a complete break-down schedule. The resistivity results of 

series 2a are shown in table 4.3 and figure 4.5. lt is seen that the resistivity 

measurements show considerable scatter. lt is not quite clear where this originates 

from since no correlation was found between the scatter and deviations in the 

experimental conditions of individual specimens. However, with linear regression 

analysis a trend line was found, which is also shown in figure 4.5. From this, it can 

be concluded that the resistivity decreases with pass-number, indicating 

precipitation during the break-down rolling. Figure 4.3 also shows the results from 

the full scale trial [64] on which the SMART 14-pass schedule was based. These 

results indicate much less precipitation as the resistivity only slightly decreases with 

pass number. This difference might be explained either because of differences in 

chemical composition or homogenisation treatment. Especially the amount of iron in 

the material in the full scale trial, is much higher (see table 2.3, Gr~nges material). 

From equation 5.12 it is seen that this will influence the resistivity strongly. 

However, assuming that a higher content of iron and manganese can only yield 

higher values for [Fe] and [Mn], an explanation for the lower resistivity cannot be 

found in the chemical composition of the alloy. That leaves the homogenisation 

treatment as possible cause for the lower values. The exact homogenisation 

treatment for the full scale trial is not known. Therefore, no conclusive evidence can 

be found for the difference in resistivity level between material A and that used by 

Andersson [64]. However, the lower slope of the line for the industrial data can be 

understood, since a lower level of supersaturation .in the as homogenised material 

will result in a lower driving force for precipitation. 

For series 2b, the material was homogenised, air-cooled and then reheated before 

being rolled on the 14 pass schedule. Figure 4.6 shows that this treatment results in 

a much lower initial resistivity compared with both series 2a and the data from 

Andersson [64] (in figure 4.6, the trend lines from figure 4.5 are copied). This can be 

understood by realising that the material was homogenised in rather large blocks 

(15*15*50 cm). The thermal mass of these blocks is such that the cooling from 

homogenisation to room temperature takes 5 hours. During this period, precipitation 

takes place, resulting in a lower initial resistivity. The large difference compared with 

series 2a, supports the hypothesis that the homogenisation treatment has a 
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considerable influence on the precipitation behaviour during break-down rolling. 

This conclusion is in line with the findings of Scott Goodrich [26], who concluded 

that the homogenisation treatment is of vital importance to the subsequent 

microstructure. Figure 4.6 also shows that, for series 2b, the resistivity is constant 

throughout the schedule. This is consistent with the hypothesis that a lower initial 

value yields a lower driving force for precipitation. 

Figure 4. 7 shows the resistivity measurements from series 2d (material B) together 

with the trend lines for series 2a and the industrial data. The homogenisation 

treatment for 2d was exactly the same as that for 2a. However, the initial resistivity 

value is lower and very close to that for the industrial data. Also, the chemical 
' composition (see table 2.3) of material B is very similar to that of material A. Only 

the magnesium content is somewhat different, but according to equation 5.4, this 

should not influence the resistivity very strongly. 

Finally, the nine and fourteen pass schedules are compared with each other in 

figure 4.8. This comparison is made using series 1 and 2b, since these two series 

have the same chemical composition and homogenisation treatment. Since figure 

4.8 compares two different reduction schedules, Pass number cannot be used to 

plot the results. Therefore, here the resistivity is plotted as function of cumulative 

strain. Figure 4.8 shows an excellent agreement between the results from the nine 

and fourteen pass schedule. This suggests that the actual reduction schedule does 

not influence the precipitation behaviour. Originally it was concluded that the results 

from series 1 indicate some concurrent precipitation [76]. However, the results from 

series 2b enable the measurements to be expanded to higher cumulative strain 

values. From these it is seen that the resistivity 'is almost constant and that no 

concurrent precipitation occurs during this schedule. Again, the low value before the 

first pass (and thus the low driving force for precipitation) is believed to be the 

cause. 
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5. 7 Evolution of the constituent particles 

lt is seen from figure 4.19a,b that the particles in the as-homogenised 

material show a cell-structure which originates from the casting. After 10 

passes this structure has changed to one in which the particles are aligned 

into bands (figure 4.20a,b). Only after 14 passes do the particles appear to be 

randomly distributed (figure 4.21a). These observations correspond with 

those made by Daaland [29]. 

From table 4.7 it could be concluded that the average diameter of the 

constituent particles is almost invariant throughout the rolling sequence. lt is 

believed that this is an artifact. The micrographs clearly show that the large 

particles present in the as-cast material are broken up after fourteen passes. 

The artifact is caused by two things. The first factor is the resolution of the 

SEM analysis. The image analyser was set to detect all second phase 

particles with a diameter larger than 1 ~m. During the rolling sequence, more 

and more particles will be broken down into pieces with a diameter below this 

threshold. When this happens, those particles are ignored in the SEM 

measurement, which results in a value for ~ that is higher than it should be. 

The measurements are also influenced by the irregular shapes of the as-cast 

constituent particles. This means that one large particle can appear as two 

small ones in the SEM picture. When such a particle does shear into two 

particles, the resulting decrease in average particle diameter will not be 

recorded by the SEM measurements. 

From table 4.7 it can be concluded that the distribution of the second phase 

particles in the centre of the slab, does not change significantly during the first 

1 0 passes of the rolling schedule. This is caused by the inhomogeneous 

distribution of strain. Therefore after 10 passes, the material at the centre line 

(which is shown in the figures 4.20ab) has not been deformed as much as 

would have been the case if the strain were homogeneously distributed 

through the thickness. 
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When material A and material 8 are compared with each other, it can be said 

that the distribution parameters for both materials are quite similar. From 

figure 4.19a.b it could be concluded that the cell structure of the constituents 

is more clear in material 8 but this difference seems to have little effect on the 

particle size distribution. 

In the literature, few data are available about the constituent particle size 

distribution throughout break-down rolling of AA.31 04. Daaland [29] found for 

AA3003 at transfer gauge that L=1.3 108 m·1 and N0=1.0 1018 m·3
, which 

correspond quite well with the values found from the present work. Daaland's 

value for N0 is slightly higher but this difference can be understood from the 

difference in chemical composition between AA3003 (AI-1Mn) and AA3104 

(AI-1Mn-1Mg). 

To sum up, it may be said that the size and size-distribution of the second 

phase particles as found here do correspond with those from the literature. 

When modelling the microstructure of the centre line of a slab during a break­

down rolling sequence, it is not correct to assume that there is no evolution in 

the size-distribution of the constituents. Especially after the later passes this 

distribution changes significantly. Because of the effect of the second phase 

particles upon the recrystallisation kinetics, .this phenomenon must be 

considered in such a model. 
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5.8 Size and morphology of the grains 

Table 4.3 shows the recrystallised grain size for series 2a. lt is seen that 

during the first 6 passes the grain size of the recrystallised grains is reduced 

from 140 J.tm to 60 J.tm. After this the size of the recrystallised grains is 

approximately constant around 50 J.tm. Since no abnorr:nal grain growth 

occurs, the grain size of the recrystallised grains is determined by the number 

of active recrystallisation nuclei. The fact that the grain size is constant over 

the last few passes, indicates that the number of successful nuclei is also 

constant. 

Figure 4.17a and 4.18abcd show the microstructures after 0, 5, 10, 12 and 14 

passes of series 2a. Even in the completely recrystallised structure the grains 

are not equi-axed. This is caused by the constituent second phase particles. 

These particles are formed on the dendrite boundaries during solidification. 

Although they are broken up during breakdown rolling, they are somewhat 

aligned into stringers even in the final structure. This retards the growth of the 

recrystallising crystals in the ND direction (for more details about the 

constituents see section 5. 7). This effect has also been found by Belling et al. 

[72]. The non recrystallised grains are pan-cake shaped which can be 

understood from the strain that is applied to the original equi-axed structure. 
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5.9 Texture measurements 

The texture measurements of series 1 (table 4.2) show that the volume 

fraction of the cube component is constant over all nine passes. Since no 

recrystallisation occurred during this reduction schedule, this could be 

interpreted as a prove of the meta-stability of the cube component as found in 

the literature [77]. However, since the volume fraction of the Cube component 

in the as-cast material is very low, these results provide no definite proof of 

such a mechanism. 

When looking at the S-component, the following can be said. In figure 4.1 0, 

the volume fraction S (R8) measured from series 1, is plotted against the 

cumulative strain. lt is seen that Rs rapidly increases with strains smaller than 

0.5. At high~r strains (e>1), R5 seems to level out. Such a profile, can be 

described by an equation of the form: 

Rs =A +8(1- exp(- C ·e)) (5.5) 

Using a least squares method, equation 5.5 was fitted to the experimental 

results. lt was found that A=0.12, 8=0.19 and C=2. 7 resulted in the best fit. 

This fit is shown in figure 4.10 

In the NTNU-model, the evolution of the Rs as a function of strain is described 

as: 

Rs = 0.04 + 0.17 · £ for E < 2 

Rs = 0.38 for s ~ 2 
(2.36) 

According to Vatne [36], these equations are based upon the experimental 

work of Juul Jensen et al. [78] on AA3003. In figure 4.10 the outcome of 

equation 2.36 is also shown. Comparing the experimental data with equation 

2.36, it is seen that the present values are a bit higher than those of Juui­

Jensen. This difference could easily be caused by the difference in chemical 

composition between AA31 04 and AA3003. 
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Comparing equation 5.5 to equation 2.36, it can be concluded that both 

equations generate a saturation level at high strains. This seems physically 

sound. After all, although the 5-texture is a deformation texture, it will be in 

competition with the other deformation texture components after high strains. 

The saturation level of both equations (0.31 vs. 0.38) is in reasonable 

agreement. However, for e<1, equation 5.5 predicts considerably higher 

values of R5 . This prediction is supported by both the present experimental 

values and by those from Juul Jensen. Another disadvantage of equation 

2.36 is the discontinuity at t=2. lt is unlikely that there is change of 

mechanism at £=2 which would justify a description like equation 2.36. 

However, both equation 5.5 and 2.36 are purely empirical. 

Figure 4.11 shows the evolution of the S component as a function of pass 

number from series 2a,b,c,d. lt is seen that the as-homogenised structure for 

all series has an R5 of 0.1. This value is to be expected from a randomly 

oriented material and in agreement with equation 5.5 which predicts R5=0.12 

for E=O. Upon increasing pass number up to pass 10, the 5-component 

increases. lt was found that no recrystallisation occurs during the first 5 

passes. Therefore it could be expected that equation 5.5 predicts R5 correctly 

for the first passes of the 14-pass schedule. The cumulative strain of the first 

5 passes is 0.63. Equation 5.5 thus predicts Rs to be 0.28. Equation 2.36 

predicts Rs to be 0.15. The experimental value (0.11) is lower than both 

predictions. lt is unclear why the S-component develops so much more slowly 

for these experiments compared to the 9-pass schedule of series 1. However, 

figure 4.11 does show that R5 suddenly drops after pass 10-11. This 

coincides with the start of recrystallisation, as found from the optical 

microscopy. After passes 12 to 14, R5 even drops below the initial value of 

the as-cast structure. This supports the hypothesis that the S-component is 

consumed preferentially during recrystallisation. 

When series 2a,b,c,d are compared with each other, it is found that the 

results from all three series are quite similar. Only after 10 passes the 

material B from series 2d seems to result is a lower R5 • However, more 
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experimental work is necessary before any definite conclusions about the 

differences in the evolution of the S-components can be drawn. 

Figure 4. 12 shows the evolution of the Cube component as a function of pass 

number for series 2a,b.c.d. lt is seen that for all series the cube stays low and 

constant up to pass 1 0. After this the cube is seen to increase to about 5%. 

Comparing this profile with the fraction recrystallised, it can be concluded that 

these two profiles are very similar in shape. This suggests that it might be 

possible to measure the fraction recrystallised from the volume fraction cube. 

lt also confirms the well known fact that the volume fraction cube increases 

upon recrystallisation. 

The small difference between the results of the different series suggests 

again that neither the exact chemical composition nor the difference in 

homogenisation treatment, influence the texture evolution strongly. 

When the absolute levels of volume fraction cube are compared with those 

from the literature, the following can be said. The values found by Vatne [36] 

and Daaland [29) are typically in the order of 15 to 20 percent. The fact that 

the present values are much lower is caused by the way the volume fractions 

are calculated. In the present work, these fractions are calculated directly 

from the ODF's by the software as developed by Van Houtte [65}. Vatne and 

Daaland used a method that is based on the work of LOcke et al. [79]. So far it 

is not clear how these two approaches are related. 
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5.10 Modelling 

5.10.1 Modelling lateral spread 

Below, a short literature overview is given about the modelling of lateral spread. The 

models that were found in the literature are then applied to the present results 

together with a new model which is also presented. 

Billington et al. [80] state that the amount of lateral spread is a function of: 

- alloy characteristics 

- roll gap geometry 

- rolling speed 

Sheppard et al. [81] added the homologous temperature and the interfacial friction 

between the roll surface and the slab to this list. Over the last decades several 

equations have been derived to describe this phenomenon using either an 

analytical or an empirical approach. So far the analytical approaches are not very 

accurate in describing the spread (see for instance Wilson et al. [82]) and will not be 

discussed here any further. Some of the empirical equations (based on results from 

either ferrous or non-ferrous materials), are discussed below. A selection of these 

equations is then applied to the present experimental work to investigate their 

validity. 

For steel, Helmi and Alexander [83] derived the equation: 

In:' (b )-1.1 [ . (b )-o.e11 b ] tf- = 0.95· ~ exp- 0.707 h 
0 ~ ( 

0 
) (5.6) 

ln-f o o RR h0 -h, 
ho 

Sheppard et al. [81] found that for aluminium, the spread can be described by: 

ln(:f) = (0.11 + 0.032 · TH - 0.01 ~RJ · r~ (a )) -O.S (~a r (5.7) 
o o RR . h0 - h, o 

where K = 1.375 · TH + 0.233(~:)- 0.1 
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and T H is the homologous temperature. They also found that the amount of spread 

decreases with decreasing friction coefficient. 

Raghunathan et al. [84] derived an alternative equation that was specifically applied 

to two AI-Mg alloys (AA5056 and AA5083): 

. ( bf) (bo) 
0

·
71 

( ( z )) 
0

·

0

0

2 

(RR) 0.04 In- =2.45·- ·In- . -
bo ho A2 ho 

exp-{(2.72-0.125·1n(~))·(RR) 0.55 ·( ho )} 
A2 ho ~RR ·(h0 -ht) 

(5.8) 

Where A2 is a material constant from the sigma(Z) equation of the form of equation 

2.12. From the PSC-tests on the 10-pass material, this value was derived as 

A2 = 10 106 s·1 for AI-1Mn-1Mg (Taken from table 4.10, for more details, see section 

5.4, Sigma(Z) behaviour). Furthermore, equation· 5.8 uses the Zener Hollomon 

parameter, Z. Even for a single pass rolling operation, such a value is hard to 

determine accurately due to steep gradients through the thickness of the slab 

during the deformation, both in terms of temperature as well as strain rate. To be 

able to apply equation 5.8 to the present rolling schedule an average value for Z for 

each pass was calculated, ignoring these gradients. 

The present results were also analysed using a new model. The equation for this 

model was derived by analogy with the spread coefficient as defined by Silk et al. 

[68) for plane strain compression specimens. 

~ = -cspread. (~) + ( 1 + cspread) 
bo ho 

(5.9) 

Where cspread is a modelling constant which is normally referred to as the spread 

coefficient. 

5.10.2 Validation 

To validate the models, the predictions of the four models are compared with each 

other. The results of this exercise are shown in table 5.2 and graphically illustrated 

in figure 5.4. lt must be noted that equations 5.6, 5.7 and 5.8 have been derived for 
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single pass deformations. Therefore they can only be applied to the present (multi· 

pass) results if b0 and b, are redefined for each pass. For example for the 

interpretation of a 14 pass rolling experiment, each equation has to be applied 14 

times consecutively to predict the final breadth of the sample. The reason for this is 

two·fold. Firstly, there is the geometry of the roll gap. This geometry changes for 

each pass and therefore the geometry per pass must be used. The second reason 

is that during the deformation, a friction stress builds up towards the side of the 

slab. This stress is relieved at the end of the deformation. The two factors 

combined, result in a different spread behaviour for a single-pass compared with a 

multi-pass rolling schedule of equal total reduction. 

A consequence of the consecutive application of the spread equations is that any 

systematic error in the prediction of the models is amplified on the next pass. lt is 

seen (table 5.2, figure 5.4) that the solution for Raghunathan's model (equation 5.8} 

becomes unstable after pass seven. The reason for this lies in the strong influence 

of the ratio between b0 and h0 upon the predicted width of the slab. Sheppard's 

model (equation 5.7) predicts very unrealistic values after the twelfth pass. The 

model suggests that the width of the slab decreases for the last passes. This effect 

is caused by the first term of equation 5.7 that becomes negative for small values of 

h0 • A second problem of this model is again the use of bc/h0• Here the problem is 

even bigger compared with Raghunathan's model since the factor K can be as high 

as 5.9 for the last pass of the 14-pass schedule. From figure 5.4, it is concluded that 

neither equation 5.7 nor equation 5.8 can be applied to the present multi-pass 

schedule. Therefore, these two models will not be discussed here any further. 

Helmi and Alexander's model seems to generate much better predictions compared 

with Raghunathan and Sheppard's models. From equation 5.6 it is seen that the 

dependency of the model-predictions upon bc/h0 is much weaker. However, it must 

be noted that all the constants for these equations are determined from laboratory 

experiments. For such tests bofh0 is usually in the range from 1 to 6. However, 

industrially this ratio lies between 20 and 750. Hence, it is highly debatable whether 

the laboratory values can be extrapolated towards the industrial situation. On the 
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other hand, from figure 5.4, it is seen that equation 5.6 could describe the present 

experimental results. 

The predictions of equation 5.9 are fitted to the measured values and are therefore 

bound to predict values that are in reasonable agreement. 

To quantify the performance of a model, the Residual Standard Deviation (s) can be 

used. For models that do not use fit-parameters, s is defined as: 

( 
n n )2 L dmeasured - dpredicted 

s-
- {n-1) 

where n is the number of data points. 

When a model does use fit-parameters, s equals: 

( 
n n }2 L dmeasured - dpredicted 

s-- (n- p-1) 

where p is the number of linear fit coefficients. 

(5.1 0) 

(5.11) 

The two remaining models (Helmi and Alexander and equation 5.6) are now 

validated using the residual standard deviation. Equation 5.6 is not fitted to the data 

and therefore equation 5.10 applies. Equation 5.9 has one linear fit parameter and 

thus equation 5.11 must be applied, where p=1. 

Table 5.3 shows the residual standard deviation for the two models applied to the 

different series of experimental data. Both the absolute and the relative value are 

shown, where the relative value is calculated as: 

s 
Srel == 

b, 
(5.12) 

where b, equals the average breadth after rolling for all data-points used in this 

analysis. Table 5.3 is discussed in detail below. 

Firstly, all the experiments that were acquired from the Hille mill (i.e. series 1 and 

2a-d) are used to compare the performance of equation 5.9 with Helmi and 

Alexander's equation. In figure 5.5 the goodness of fit of equation 5.9 is illustrated 

when this equation is applied to the results of series 1 and 2a-c. Here cspread is 0.19. 
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Figure 5.6 shows the same results when Helmi and Alexander's equation (equation 

5.6) is applied. Both from these figures and the s-values from table 5.3, it can be 

concluded that equation 5.9 describes the present results more accurately than 

equation 5.6. 

Nevertheless, in figure 5.5 the results from both the non-lubricated and the 

lubricated tests are used together to find the best value for cspread. Sheppard found 

that the friction conditions influence the spread [81]. If this is the case, it can be 

expected that equation 5.9 will perform better when the cspread is made dependant 

upon the (two) friction conditions. Figure 5.7 shows. the result of this exercise where 

c:,~~ted = 0.20 and C~~~~bncated = 0.14. lt is now seen that this reduces s indeed, 

which supports the assumption that the friction conditions do have an influence on 

the amount of lateral spread. Furthermore, the fact that C~~~~~bncated is smaller than 

c~;~~ted, supports Sheppard's observation that the amount of spread increases 

when the friction decreases. In Helmi and Alexander's equation there is no factor 

that models the influence of the friction conditions. However, when the two sets of 

results are shown as separate series' as is done in figure 5.8, it is seen that this 

equation performs much better for the non-lubricated tests compared with the 

lubricated tests. 

Another factor that is believed to influence the spread behaviour is the roll-radius. 

The influence of this factor was investigated by rolling on two different rolling mills 

with different roll radii. For this part of the validation, only the results from the non­

lubricated tests are used. 

Series 1 and 2a-d were carried out on a Hille mill with a roll radius of 68.2 mm. 

Series 3 was done on a Robertson mill with a roll radius of 123.8 mm. To eliminate 

the influence of friction, only the non-lubricated tests will be used here (i.e. the 

results of series 1 and 3). Figure 5.9 shows the model predictions of equation 5.9 

when C~~~e_c:~bncated is applied to all tests. lt is seen that the predictions for series 3 are 

very poor. When the spread coefficient is made to be dependant on the roll-radius, 

the predictions become much better (figure 5.1 0). This confirms the influence of the 

roll radius. Helmi and Alexander's equation models this effect. This is illustrated in 

figure 5.11. lt is seen that the model performs quite reasonably for the results from 
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both mills. This suggests that the dependency of spread upon roll radius is 

modelled correctly by equation 5.6. 

5.10.3 Lateral spread and von Mises criterion 

So far, it has been assumed that lateral spread can be described by the change in 

the length of the contact line in the width direction bcontact . lt is quite clear that bcontact, 

affects the rolling loads and should therefore be taken into account in roll force 

models. However, there is a second effect caused by lateral flow that should be 

considered in such models. This is the way in which the equivalent strains and 

stresses occurring in a roll pass. The calculation of equivalent strains and stresses 

is important because the constitutive equation used in roll force model, describes 

the relationship between equivalent tensile strain and equivalent tensile stress. This 

can only be applied to rolling if the occurring strains are converted into equivalent 

strains. 

When plane strain conditions apply (i.e. assuming no lateral spread), the equivalent 

strain is calculated from the initial and final thickness of the slab using equation 2.2. 

(2.2) 

When the lateral spread is taken into account, the equivalent strain is calculated 

from: 

(5.13) 

where: 

( 
b ronMises) 

E2 =In bo (5.14) 

and 

(5.15) 
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lt must be noted that equation 5.14 uses b;o"Mises rather than b;:o"18ct. The parameter 

b;o"Mises is defined as the average (averaged over the thickness of the specimen) 

width of the specimen. However, the calculation of b~Mtses is not completely trivial. 

Due to due to the inhomogeneous strain distribution through thickness the initial 

square cross section of the slab will not stay square during break-down rolling.· 

Typically, a double barreled shape occurs. A schematic representation of a typical 

cross section of a specimen is shown in figure 4.3 This shape is typical for all 

specimens rolled as part of series 1 and 2a-c. The double barreled shape persists 

throughout the complete break-down schedule. Furthermore, the specimens 

showed no signs of side folding as described by Sheppard et al. [81). The most 

accurate way to calculate b;o"Mises would be to photograph cross sections of all 

specimen and then calculate b~Mises using digital image analysis techniques. A less 

laborious way to obtain an estimate of b~Mises is presented below. In the present 

work b~nMisesof all double barreled samples has been calculated from two widths 

(bmax and bha1'). These values are graphically illustrated in figure 4.3 They are 

combined into b;c'"Mises, using equation 5.16. 

2 bmax bhalf 

b vonMises _ • + 
f - 3 

(5.16) 

The specimens of series 3 exhibited a convex profile. For these samples only bcontact 

has been measured. 

From the measurements it was found that the actual value of b;c'"Mises is the same as 

that of b~ntact . This can be understood as follows. During the first passes bmax 

increases much more than bcontact. However, this effect is compensated by the fact 

that bhalr does not increase at all during these passes due to inhomogeneous strain 

distribution. During the later passes, bhalr does increase but in its turn this is 

compensated by a slower increase in bmax. Therefore, from a modelling point of 

view, it is acceptable to use the same model for both bvonMises and bcontact. 
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5.10.4 Concluding remarks 

From the discussion above, it can be concluded that the ·models as presented by 

Sheppard (equation 5.7) and Raghunathan (equation 5.8) cannot describe to the 

present experimental results. The (older) model of Helmi and Alexander (equation 

5.6) results in a much better correlation. From the experiments on a second rolling 

mill, it can be concluded that the way this equation models the influence of the roll 

radius appears to be correct. However, more research is necessary since, here only 

two roll radii have been used. 

In this work a new, completely empirical, equation has been presented. This model 

describes the spread behaviour, using one single constant, the spread coefficient. 

This coefficient has been shown to depend on the friction conditions and on the roll 

radius. However, once the spread coefficient is known, equation 5.9 describes the 

experimental results better than Helmi and Alexander's model. 

From a scientific point of view, equations such as equation 5.9 are of no great 

significance, since they do not aid in gathering any more insight into the underlying 

mechanisms. However, from an industrial point of view, equation 5.9 could be 

useful. In a production environment, the roll radius is invariable and therefore it is 

not a problem that equation 5.9 does not model this effect. Concerning the friction 

conditions, a similar argument applies. lubrication conditions do differ between 

different mills but are very rarely changed strongly for a single mill. Nevertheless, it 

is still necessary to determine cspread for each mill individually. However, since 

equation 5.9 can be easily applied to either single- or multi-pass rolling schedules, 

this should be feasible. This leaves the influence of temperature, rolling speed and 

alloy characteristics. These three features can be taken together since all of them 

influence the spread behaviour through their influence on the flow stress of the 

material. Most factories process a range of products that will exhibit a range of flow 

stresses during rolling. However, the fact that equation of Helmi and Alexander 

(which was originally derived for steel!) describes the present results on aluminium 

reasonably well, suggests that the influence of the flow stress on the spread 

behaviour is not very strong and can be ignored. 
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5.11 SLIMMER 

The main aim for which SLIMMER was used in th~ present project is to predict the 

temperature history of an industrial slab during break-down rolling. Since very few 

industrial accurate measurements of this parameter are available, it is not possible 

to validate the SLIMMER predictions on this aspect. However, from figure 4.2 it can 

be concluded that the predicted history seems reasonable. The slab only cools 

down on the final deformations where the surface to volume ratio becomes such 

that considerable heat loss to the surroundings is possible during the inter-pass 

periods. 

Furthermore, SLIMMER provides a roll force calculation. The measured roll forces 

on SMART can be used to validate these roll force predictions. This is done below. 

Industrially it is very important to have an accurate roll force model. The first 

application of such a model lies in the prediction of pre-set values for the mill spring. 

However, a second possibility might be to calculate the temperature of the slab by 

comparing the measured loads with those predicted by the model. This would be 

advantageous since even state of the art pyrometers are still not very accurate and 

need very extensive calibrating. The only way to acquire an accurate reading of the 

surface temperature of the slab is via contact thermometers. These are not very 

practical in a production environment. Therefore, it might be better to use the load 

readings from a mill to calculate the temperature. This cannot generate an absolute 

temperature but (assuming that friction conditions do not change too much with 

temperature) it should be possible to calculate the temperature differences between 

some reference pass and the pass which is considered. 

From the discussion above it is clear that an accurate roll force model is very 

beneficial. Especially within the aluminium industry, such models are still in a very 

empirical stage. 

The most widely used expression to calculate the roll force has been derived by 

Sims [55}. Assuming plane strain conditions, the specific roll force F!pec follows from 

equation (5.17): 
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(5.17) 

In equation 5.17, the roll radius RR signifies the roll radius as it is during the 

deformation. The relationship between this value and the radius of rolls when not in 

contact with the slab, depends on the rolling load. However, this aspect is beyond 

the scope of the present discussion. Here, the rolls are considered to be infinitely 

stiff and therefore the deformed roll radius is equal to the non deformed roll radius. 

Q in equation 5.17, is a complex function of the roll radius, the final thickness, the 

reduction and the friction conditions. bcontact is the width of the slab as discussed in 

chapter 4.1. In equation 5.17, 0: is the mean true flow stress during the 

deformation. This value can be calculated from equation 5.18 (85]. 

_ 1 eo 
cr = -e f cr(E,e, T)· de 

0 0 
(5.18) 

Where e0 and e are the angles as shown in figure 2.5. 

The relationship that describes the flow stress as a function of strain, strain rate and 

temperature is normally referred to as a constitutive equation. 

The algorithm that is used by SLIMMER to calculate the roll forces is based upon 

equation 5.17 and 5.18. Table 4.1 shows the roll forces as they were predicted by 

SLIMMER (see chapter 4.1 for more detailed information on how these values were 

calculated). These data are graphically represented in figure 5.12. From this figure it 

can be concluded that the roll force predictions do not agree with the measured 

values. Especially for the first passes the agreement is very poor. 

A first possible explanation could be the way in which SLIMMER models the lateral 

spread. SUMMER allows the user to enter a 'spread percentage'. However, the 

programme only uses this value to calculate the initial width for the next pass. Since 

here only specific roll forces are validated, the change in bcontact is not relevant. 

However, how closely the deformation fulfils the plane strain conditions could be 

important since this affects the way in which the reduction is translated into 
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equivalent tensile strains that can be handfed by the constitutive equation. 

SUMMER assumes equation 2.2 to be valid. lt would be more accurate to replace 

this equation with equation 5.13. The difference in the outcome of these two 

equations becomes larger with larger strains. During the 14-pass rolling schedule 

(series 2), the maximum reduction occurs during pass 12. During this pass, the 

thickness of the slab is decreased from 7.6 to 4.7 mm (table 3.4). According to 

equation 2.2, this results in an equivalent tensile strain of 0.55. When equation 5.13 

is applied combined with equation 5.9, the equivalent tensile strain becomes: 0.67. 

Such a relative small change in the strains that are fed to the constitutive equation 

will make very little differences in the average flow stress calculated from equation 

5.18 because of the absence of strain hardening in these alloys. This means that for 

the relative small reductions the effect of lateral spread on the calculation of the 

equivalent tensile strain can be ignored for this material. lt is thus concluded that 

applying equation 2.2 in stead of 5.13 cannot explain the poor performance of the 

roll force calculations. 

A possible explanation could be found by looking at the A-factors of the first passes 

of the present schedule. Studies by Beese and others [85] have shown that 

measured rolling forces for passes with a A-factor of 2 and higher generate much 

higher roll forces than would be predicted by equation 5.17. Accordingly, Beese 

suggested a multiplying term n. The values of this term are shown in figure 5.13. 

These values are based on the shear-line field theory for the variation of indenting 

pressure with increasing A (=thickness to length of the arc of contact'-ratio). From 

table 3.4 it is seen that the maximal A-factor for the 14-pass rolling schedules is 

0.91. This means that the modifying term as it was proposed by Beese cannot 

correct the present roll force predictions. 

A possible explanation could be the way in which SLIMMER deals with friction. This 

phenomenon is all 'hidden' inside the Q factor in equation 5.17 and it is very well 

possible that the Q used does not apply to the present experimental conditions. If 

we assume the error caused by this to be constant for all passes, the performance 

of SLIMMER should improve when the roll forces are scaled. This is shown in figure 

5.14. In this figure both the measured and the predicted roll forces are scaled, 

89 



where the first pass is set to 1. Comparing this figure with figure 5.12, it can be 

concluded that the relative roll forces are closer to the measured ones. This 

suggests that a better handling of the friction phenomenon would improve the roll 

force predictions. 

However, another source of errors could be the way in which the average starting 

temperature of the slab is obtained. This value (shown in table 3.4) is taken from 

the thermocouple readings. The thermocouple was inserted in the middle of the 

specimen and therefore the temperature readings represent the centre line 

temperature. lt is seen from figure 4.2 that, especially during the last passes, the 

temperature drops due to the chilling effect of the cold rolls. This chilling effect will 

cause very steep temperature gradients. However, since no information about these 

gradients was available, they were ignored in the SLIMMER simulation. For each 

pass, a separate run of SLIMMER was programmed where the initial 

(homogeneous) temperature was taken from the thermocouple reading. This results 

in an overestimation of the average temperature since the centre line can be 

expected to be the hottest. The effect of temperature on the average flow stress 

(and thus on the roll force prediction) is quite strong. Therefore, it can be expected 

that the roll force predictions would improve if a more accurate estimate of the 

temperature gradients was used as input for SLIMMER. 

5.12 NTNU-model 

Below the NTNU-model, as it is described in chapter 2.4.3.2 is evaluated. In the first 

part of this section the model is validated against the present experimental results 

obtained from SMART. Especially the influence of the size distribution on the model 

predictions is discussed. This is then followed by a discussion about the other 

important assumptions that lie behind this model. This discussion then results in a 

series of suggestions that could be included in future versions of this model. 

The NTNU-model was validated against the results from series 2a. Both the 

microstructural predictions (fraction recrystallised, recrystallised grain size) and the 
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texture predictions have been compared with the experimental results. Below, these 

model predictions are discussed. 

Table 5.4 shows the microstructural features from series 2a (taken from table 4.3) 

and the predictions of the first run of the model. These data are graphically 

illustrated in figure 4.24a,b,c. From this it is seen that the model predicts the 

recrystallisation to start after the sixth pass. This is confirmed by the experimental 

results. Also the predicted fraction recrystallised and the grain size of the 

recrystallised grains are in quite good agreement with the experimental 

observations. 

The predicted Cube fraction of the first run of the NTNU model are shown in figure 

4.24c together with the experimental observations. lt is seen that the model 

overestimates the Cube-fraction for pass 7, 8 and 14 and underestimates it for pass 

10, 11 and 12. Only after the 6th, the gth and the 13th· pass, the predictions agree with 

the experimental values. 

To improve the performance of a model, one has to reconsider its assumptions. 

One of the assumptions that was proven inaccurate by the present experimental 

results, is the assumption that the size and number of constituent particles is 

constant throughout the rolling sequence (assumption vii in paragraph 2.4.3.2). To 

study the influence of this upon the model predictions, the model was run once 

more. This time the parameters that describe the second phase particle distribution; 

H and L (from equation 2.41) were taken from the SEM measurements of the as 

homogenised material (table 4. 7). All the other modelling constants were kept 

constant compared with the first run. Below, the first run is referred to as '14' since it 

uses H an L from the transfer gauge, 14 pass material and the second run is 

referred to 'AH' (As Homogenised). When the two runs of the model are compared 

with each other the following can be seen. Figure 4.24a,b shows that AH results in 

a slightly faster recrystallisation and a smaller recrystallised grain size. Furthermore, 

for the initial passes, AH yields a significantly higher predicted cube fraction. 

Comparison of both runs with the experimental results gives rise to the following 

conclusions. Up to pass nine, the model predicts the fraction recrystallised quite 
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well. The same applies to passes 12, 13 and 14. Figure 4.24a and 4.24b show that 

when the fraction recyrstallised is predicted accurately, the predicted recrystallised 

grain size is also quite close to the experimental results. 

The texture predictions of both runs of the model are also quite reasonable. 

However, due to the small variation in the experimental results, this dataset is not 

particularly suitable for validating this aspect of the model. Also, the experimental 

conditions during the experiments on SMART are quite difficult to model, compared 

with for instance plane strain compression tests which offer a better temperature 

control. Especially the temperature drop during the deformation on SMART is 

difficult to model. 

Assuming the as-homogenised particle distribution throughout the rolling schedule, 

it is expected that the model predictions are more accurate towards the first rolling 

passes compared with •14'. From figure 4.24a and 4.24b it is seen that this is the 

case for the prediction of the fraction recrystallised and grain size. However this 

does not apply to the prediction of the Cube fraction. For all passes but the ninth 

pass, the 14-run performs better than the AH-run. This indicates that the 

assumptions concerning the development of the cube fraction that lie behind the 

model are not yet fully understood. 

Besides validating the model against experimental results, it is also important to 

review the assumptions of the model critically. The assumptions of the NTNU-model 

are repeated below: 

(i) The recrystallisation texture is a result of oriented nucleation. 

(ii) The final grain structure and texture are a result of the competition between 

growing grains that originate from a limited number of different types of site 

categories, where each site category has a density Ni. 

(iii) Near site saturation nucleation kinetics apply. 

(iv) The nucleation sites are randomly distributed in space. 
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(v) Johnson-Mehi-Avrami-Kolmogorov kinetics apply 

(vi) During all deformation passes, steady state stress is reached. 

(vii) The number and size distribution of the second phase particles are constant 

throughout the entire schedule. 

The first assumption has been checked extensively by for instance Vatne [36]. 

Nevertheless it is still been subject of many discussions. lt is also the main principle 

of the NTNU-model. However, in this project this aspect has not been studied any 

further and therefore this assumption must be accepted. 

Assumption (ii) is not according to reality. From the texture measurements it is clear 

that there are many different texture components that the model assumes to be part 

of 'random'. However, from an industrial point of view, the cube texture is the most 

interesting component due to its strong influence on the earing behaviour. lt is 

therefore quite justifiable to build a model that focuses on this component. Besides 

that, the structure of the model is such that a next component can be added easily 

when the amount of nuclei can be described. 

Assumption (iii) and (v) are supported by the present results. However, the model 

assumes a constant growth rate throughout the schedule (G in equation 2.48). This 

assumption was checked in the present work by determining the recrystallisation 

kinetics after 1 0 and 13 passes. lt was found that t0.5 after 10 passes differs greatly 

from to.s after 13 passes. The most likely explanation for this is the change in driving 

force for recrystallisation due to static recovery in between the passes. The present 

model assumes the driving force to accumulate when no recrystallisation occurs 

during the inter-pass times. The model could be improved by adding a static 

recovery term that describes the decrease in driving force for recrystallisation even 

when the material does not recrystallise during that particular inter pass time. 

Whether or not steady state is reached in the first passes, is debatable (assumption 

(vi)). From the slip line field analysis (see figure 2.6), it is seen that the local strain 

on the first passes is almost zero at the centre line (see figure 2.6). However, at that 
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stage, no recrystallisation occurs. Therefore, the strain of the first 6 passes can be 

regarded as if it were from one big pass that does satisfy assumption (vi). 

Another important aspect during break-down rolling is the Zener drag from 

dispersoids and small precipitates. Numerous investigations have shown that a 

31 04 alloy contains small dispersoids after homogenisation and small particles will 

also precipitate during the rolling sequence. This aspect is covered in the model by 

a constant Zener drag, which of course is a simplification. The Zener drag should 

increase throughout the rolling schedule due to precipitation during rolling. 

There are several tuning parameters in the model. Ideally, a complete model should 

not contain such parameters, but our current knowledge is not sufficient to achieve 

this. Some of the model constants are purely empirically determined, like A and 8 

(subgrain size, equation 2.20), H and L (particle size distribution, equation 2.41 ).and 

the parameters that describe the evolution of the S-component as a function of the 

strain (equation 2.36) In future, models for casting, homogenisation and 

substructure evolution may make such empirical relationships unnecessary. 

However, when such equations are not available, the present model can be 

improved by 'sophisticating' the present empirical equations. 

For instance equation 2.41 cannot describe the particle distribution accurately since 

it assumes the number of particles to increase with decreasing particle radius. 

Although the present model does not use the particles that have a radius which is 

smaller than the critical value fJ • (see equation 2.39) it is still advisable to describe 

the whole second phase particle distribution as accurately as possible. This makes 

it possible to include the influence of the smaller particles (for instance on the Zener 

drag) in future versions of the model. A more physically based approach would be 

to assume the second phase constituents to be log normally distributed. For a log 

normal distribution the probability density function is given as [86]: 
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1 

exp m 
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With: x =Probability density 

m= median 

n = shape parameter 

(5.19) 

From the median and the shape diameter, the mean (!l} and the standard deviation 

(cr) can be calculated, using equation 5.20. 

(5.20) 

(5.21) 

In the NTNU-model, equation 2.39 is used to calculate the number of PSN-nuclei. 

00 

NPSN = CPSN f f( ll)dll (2.39) 
". 

Where f(tl) = Hexp(-Lll). 

To implement the Jog normal distribution equation 5.19 must be rewritten from a 

probability density function into one that describes the actual number of particles. 

To do this, the total number of particles (l'J 101
) has to be calculated from the volume 

fraction {vt) and their average diameter (Jl). 

(5.22) 

Multiplying equation 5.19 with equation 5.22 yields the distribution function f(TJ). 
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When equation 5.23 is used, equation 2.39 cannot be solved analytically. Possibly, 

this could be solved by including the results of equation 5.23 in a look up table in 

the source code of the model. Naturally, the parameters in equation 5.23 should be 

made dependent on the amount of strain applied throughout the rolling schedule. 

Furthermore, the present experimental results indicate that equation 2.36 can also 

be improved. The suggested equation 5.6 seems to be suitable to describe the S­

component quite accurately. Apart from the equation, there is another problem with 

the usage of R8 • The NTNU model assumes that the volume fraction of 5 of a 

specimen equals the volume fraction of the cube grains that is surrounded by an S­

grain {R5 in equation 2.36). This assumption implies that both the cube and the S­

grains are (in respect to each other) randomly distributed in space. This may be the 

case when looking at single pass experiments, it cannot be true for a multi-pass 

deformation when there is recrystallisation during inter stand times. This can be 

understood as follows. During recrystallisation the S-grains that are adjacent to 

Cube-grains, are consumed preferentially compared with non adjacent S-grains. 

Therefore, there will be fewer adjacent S-grains after recrystallisation than to be 

expected from the S-fraction. During the next pass when new randomly distributed 

5-grains are generated, the old, non-adjacent S-grains will still exist. Therefore the 

overall 5-fraction will be bigger than the fraction of cube-grains surrounded by the 

S-component. A future version of the model should therefore differentiate between 

the total volume fraction of the S-texture and the fraction of 'adjacent to Cube'-5 

texture. 

Finally, the model relies on a set of modelling constants. For instance Cc, CPsN and 

CGe are pure tuning constants that have to be introduced because the quantitative 

nature of the nucleation sites for recrystallisation are not fully understood. Ideally, 

these should be of the order 1. In the present case they are typically 0.1, which is 
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lower than expected. As already pointed out, this discrepancy can to a large extent 

be attributed to lack of physical understanding. PSN is an illustrative example of the 

difficulty in gaining such understanding. The mechanism has been well established 

and intensively studied for 20 years, while our present knowledge of the mechanism 

is still only on a semi-quantitative level. 

In summary, the model can be improved by: 

(i) including a realistic size distribution function of the second phase particles that 

considers the change in distribution during the rolling sequence 

(ii) an extra factor that deals with static recovery which reduces the driving force for 

recrystallisation 

(iii) an improved treatment of deformation texture evolution and distribution 

However, despite the potential for improvements, it should not be neglected that the 

model in its present form already provides reasonable predictions. The basic 

assumptions, physical understanding and applied model constants appear to be 

founded on a sound basis. 
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6. Conclusions and Further Work 

6.1 Conclusions 

• The conclusions from the present work are given below. To enhance 

readability, all conclusions are summed up as bullet points. Further 

comments about some of these points are given in chapter 6.2; 'Further 

work'. 

• lt was shown that the chemical compositions for AA31 04 reported in the 

literature are similar to those reported for AA3004. Therefore, the results 

measured from these two alloys can be compared with each other directly. 

• A new experimental method was developed to simulate the break-down 

rolling of aluminium. The Sheffield Mill for Aluminium Roughing at 

Temperature offers: - high total reduction and number of passes 

- realistic deformation paths and strain distribution 

- temperature control 

- possibility to quench samples at any stage 

. throughout the rolling sequence 

• For the alloy studied here, the constitutive equation derived from transfer 

gauge material can also be applied to the material further upstream. 

• The fraction recrystallised is strongly affected by the strain distribution 

through the thickness of the plate. 

• Within the range studied, the recrystallisation kinetics is not influenced by 

the rolling temperature, exact chemical composition (that is supplier of the 

material) or the rolling temperature. 

• The concept of retained strain, which ignores any static recovery during the 

inter pass times, is not supported by the present experimental results. 

• The extent to which precipitation occurs during the break-down rolling of 

AA31 04, is a strong function of the homogenisation treatment. Air-cooling 
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to room temperature before a pre-heat reduces the amount of precipitation 

substantially. 

• The shape and size of the constituent particles changes considerably 

during the rolling sequence. However, due to the strain distribution through 

the thickness of the slab, the constituent particles at the centre line only 

start shearing off after 10 of the 14 passes in the case studied. 

• During multi-pass laboratory rolling, considerable lateral spread occurs. To 

be able to convert the measured rolling loads into realistic predictions for 

an industrial situation, it is necessary to take this phenomenon into 

account. 

• A new model is proposed to describe the amount of lateral spread during 

multi-pass rolling. This model describes the present experimental results 

more accurately then any of the models found in the literature. 

• The roll force predictions from SLIMMER show reasonable agreement with 

the present rolling experiments as long as its initial predictions are 

corrected for the constitutive equation that applies to the material being 

rolled. 

• The NTNU-model as developed by Vatne et al. [36], can be applied to the 

break-down rolling of AA3104. The predicted fraction recrystallised, 

recrystallised grain size and textures show good agreement with the 

experimental results. 

• From the present experimental data, it can be concluded that a more 

realistic description of the evolution of the S-component will improve the 

performance of the NTNU-model. An equation of the form of 5.6 Is 

suggested. 
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6.2 Further work 

The recommendations for further work can be split into two groups. Firstly, the 

experimental technique that has been developed is discussed. This is followed by 

some recommendations on how the experimental results can be used. 

6.2.1 Making SMART smarter 

Since this work provided a new experimental technique, a very wide range of 

possible applications of SMART could be mentioned here as further work. However, 

below only some specific recommendations are given to improve SMART itself. 

The main disadvantage of SMART is the high number of operators that are 

necessary carry out an experiment. This can be overcome by improving the level of 

automation of the rolling mill. Especially the reversing of the mill and the setting of 

the new gauge can be automated relatively easily. Together with an automated 

logging system, this would reduce the number of operators from 6 to 3, while further 

improving the reproducibility of the experiments. 

A further improvement of SMART can be achieved by using better temperature 

controllers in the tube furnaces. From figure 4.2, . it is seen that the temperature 

increases very rapidly when the specimen gets below 5 mm. gauge. This results in 

overheating of the sample. If the tube furnaces were equipped with programmable 

controllers, it would be possible to reduce the furnace temperature during the rolling 

sequence. 

Finally, the problem of the asymmetry in the strain distribution through the thickness 

of the slab must be solved. This may be achieved by replacing the work rolls on the 

laboratory mill. 

6.2.2 Modelling recommendations 

In the present work, several models were used. The main one is the NTNU-model. 

For this model the following modifications are suggested. 
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A modelling approach where the driving force for recrystallisation decreases even in 

the absence of inter stand recrystallisation can further improve the multi-pass 

recrystallisation models. 

From the present work, two equations were derived that can be implemented into 

the NTNU model. These are equation 5.5 which describes the evolution of the S­

component and equation 5.23 which describes the size of the constituent particles. 

The implementation of these equations into the source code of the model has been 

beyond the scope of the present work but could further improve the performance of 

the model. 

To improve the possibilities to validate the NTNU model, the predicted fraction of 

the S-component should be included in the standard output. 

A problem that is encountered when validating any texture model is that there is no 

accepted standard by which the volume fraction of the different texture components 

is calculated. lt was found in the present work that the absolute values depend very 

much on the way (that is by which software package) they were calculated. To 

·· improve the possibilities to compare data from different research centres, it is very 

desirable that such a standard is developed. 

A similar argument applies to SLIMMER. Firstly, the constitutive equation and the 

recrystallisation kinetics found for AA3104 can be inserted into the source code of 

SLIMMER. Furthermore, it was concluded that the modelling of lateral spread is 

essential to obtain correct roll force predictions for laboratory rolling. If equation 5.9 

were to be built into SLIMMER, further validation work of the roll force predictions 

would become easier. To be able to apply the roll force predictions of SUMMER for 

break-down geometries, it is also necessary that the multiplying term derived by 

Beese is incorporated in the model. 

lt is expected that a further improvement could be achieved when SLIMMER would 

be extended with a more sophisticated friction model. 
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Appendix A Detailed description of SMART 

Below some technical details of SMART are summarised. The technical details of 

the tube furnaces are as follows: 

Make: Carbo lite 

Controller: Eurotherm 91e 

Model: CTF 12/150/190 

Max. Temp: 1200 oc 
Tube inside dia: 150mm 

Heated length: 1090 mm 

Overall length: 1270 mm 

Max. power: 7.0kW 

Weight: 60 kg 

The working tubes have an outer diameter of 15.24 cm (6"). In these tubes a table 

is fixed which is welded at one end of the tube. At this end a flange is bolted onto 

the tube. The tube, the table and the flange are of 304 stainless and are 2.6 mm 

thick. 

The furnaces are hung in a cradle. Figure 8.1 shows a sketch of the cradle together 

with its sizes. lt is made from 1" Speedframe ™. In the cradle there are two shelves. 

The bottom shelve carries the controller of the furnace and the top shelve protects 

the controller from any tools, specimen, etc. that might fall down. The cradles are 

put on castors. Firstly these enable easy positioning of the cradles. Secondly they 

serve as a safety feature. When the sample misses the entry of the furnace, it will 

hit the flange and push the furnace backwards, thus preventing the specimen from 

being caught in between the mill and the furnaces. 

Around each furnace two steel bands are clamped (see figure 8.2). Four bolds are 

screw through these bands, they centre the furnace inside the band and isolate the 

bands from the heat of the furnace. Each band is connected to two wires (Bordon ™ 

wire) of 2 mm diameter (i.e. 4 wires per furnace). Between the cradle and the wires 

there is a barrel-spanner which allows the height of the furnaces to be adjusted. 

Around these spanners, a spring carries most but not all of the load of the furnaces. 
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Figure 8.3 shows a sketch of this arrangement. The rationale behind this 

suspension system is as follows. Assume a specimen to bend upwards after it has 

entered the furnace. As soon as this happens the furnace is lifted. When the 

specimen tail leaves the mill the furnace will come down again. If the furnace would 

be on a table, the ceramic insulation and the heating elements would break when 

the furnace hits the table. The suspension system prevents this from happening 

since the springs slow down the furnace on its way down. The Bordon wires 

together with the barrel spanners ensure that the height of the furnace when in rest 

is always the same. Due to the fact that the cradle is wider than the furnace, the 

furnace is also self aligning in the horizontal direction. 

Therefore the furnaces will align themselves automatically after each pass, and they 

will be ready for the next pass without any operator interference. 

The wires used to move the specimen from one furnace through the mill into the 

opposite furnace, are made from NiCrAIIoy™. To make a strong yet flexible wire, 

the wires are made out of two twined filaments of 0.5 mm. 

The sponge used in the lubrication system is a cellulose sponge. This material 

proved to have the best 'heat-resisting' capacities. lt typically survives 5 testing days 

before starting to burn away. The sponge is positioned on top of the top roll by 

inserting two copper tubes. These tubes are then fitted to the frame of the mill with 

NiCr-wires. Figure 8.4 shows a sketch of this arrangement. The lubricant is fed to 

the sponge via a flexible tube that is connected to a squash-bottle that holds the 

lubricant. From practical experience the amount of lubricant was determined. lt 

turned out that a 'just wet' top roll, resulted in the flattest specimens. 
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Appendix B Interpretation of PSC results 

Interpretation of hot plane strain compression testing of 
aluminium specimens 
N. J. Silk and M. R. van der Win den 

Plane strain compression ( PSC) testing is now generally accepttd as one of the most reliable methods f or the generation of flow 
stress data and microstructural investigation ofthermomechanical processing. it has been known f or some time that extremely 
reproducible measurements may be made across different laboratories if a standardised procedure is used. However. particular 
care must be taken with both the experimental procedure and the interpretation of the mcasuredforce- di!placement data. The 
present paper reports investigations that have built on previous work and looked further at the effects of spread of the specimen 
and friction. In deriving reliable flow stress data, the importance of tool and specimen geometry and consideration of the effecu 
of lubrication and friction are clearly demonstrated. Furthermore, the paper demonstrates the current status of the work by 
presenting the algorithms behind new software that has bun developed for interpretation of raw force-displacement data In a 
logical and consistent way. MST/3960 
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and Development, PO Box 10000, 1970 CA /Jmuiden, The Netherlands. Manuscript received 17 November /997; in final f orm 
19 June 1998. 
© 1999 loM Communications Ltd. 

Introduction 

There is ongoing interest in the measurement of reliable 
now stress da ta fo r a wide mngc of materials for use in 
the modelling of thcrmomcchanical processi ng. The plane 
stmin compress io n ( PSC) lest was originally developed to 
relate to the roll ing of wide plate or strip, in which (as with 
u number of o ther metal forming processes) the deformation 
closely relates 10 plane strai n co nditions. The tcst is useful 
for uny investigation in which high strains arc generated. 
the use of uniaxial tension would be restricted by the onset 
of necki ng, and the use of axisymmclric compression is 
limited by the occurrence of barrell ing. Furthermore, PSC 
testing has the added advantage that a reasonably large 
volume of materia l is deformed in plane strain, which is 
suitable for microst ructural investigation. The PSC test is 
now used extensively for flow stress determination and the 
investigation of microstructural development during thermo· 
mechanical processi ng. 

At Sheffield, numerous detailed studies of a wide ra nge 
of material types have been performed during the past 
25 years. These have demanded the continuous evolution 
of both the control softwa re and the methodology adopted 
to 'post·process' the data. For instance, Guerrero 1 has 
recently a nalysed the PSC test using a thermally coupled 
finite element model of the test. Furthermore, a great deal 
is understood about the interpreta tion of the test results, 
and a current project> at the National Physical Labo ratory, 
Teddington, UK is concerned with formalising the test 
method with the aim of producing a standardised procedure. 

Shi et al.' highlighted various details concerning the way 
corrections are made to account for friction and spread 
effects in the specimen. The present work has looked in 
more detai l at these aspects, and the opportunity was taken 
to develop new software for post-processing the data. 
Several critical aspects of the test method and its interpre· 
talion are discussed, followed by a short description of 
the software. 

Specimen and tool geometry 

During hot rolling of wide plate and strip, the deformation 
mode is very close to ideal plane strain conditions. For this 

ISSN 0267- 0836 

reason and from a modelling point of view, it is hi ghly 
desirable 10 obtain this deformation mode during Inborn· 
lory testing. Using sliplinc field analysis: it has been shown 
that the ratio of the width of the tools to the th ickness of 
the spe-cimen wfl'u needs to be at least 1·5. However, us this 
ratio increases, the frictional contr ibut ion incrcuscs a nd, 
although specimens arc lubrica ted 10 reduce fric tilln to a 
minimum, it is necessary to make careful allowa nce for 
fr ictiona l clfc-cls. 

A second point of conc-ern is the amount of latera l 
spread. Idea lly, this should be zero. but the on ly way to 
avoid lateral spread is to use the so ca lled chun nel die 
compression conliguration' (.<ee Fig. I). When this con· 
figuration is uset.l , the cont:tcl area between too ls and 
specimen increases dramatica lly, com pared 10 a traditional 
PSC configuration (Fig. 2). and thus the influence of 
friction also increases. As it is now relatively straightforward 
to account accurately for lateral spread, a · devia tion 
from ideal plane strain is preferred to the strong friction 
effects and the dilliculties of rapidly quenching specimens 
after deformation that are associated with cha nnel die 
compression. For traditional PSC testing, however, it is 
necessary to correct the raw data for both friction and 
spread effects. Both corrections arc discus ed in more 
detail below. 

Spread correction 

Owing to load restrictions, it is frequently impractical to 
use a specimen geometry for which the tool width is not a 
significant fraction of the specimen breadth. This leads to 
lateral spread of the specimen and uncertainty in the 
contact area over which the stress is applied. Therefore, the 
changing contact area between the tools and specimen 
throughout the test must be taken into account by using 
the 'instantaneou.f breadth. As instantaneous breadth ca n 
not be recorded during the test, an empirical relationship 
must be used to interpolate between initial and final 
brcadtli. A satisfactory empirical relationship has previously 
been reported by Sellars et at.,• which defines a 'spread 
coefficient' C from the specimen dimensions before and 
aner a test 

(brfb0 ) - I 
C • I - (hrfh

0
)'>' . . • • • . . • . . . • (I) 
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· Top tool 

Guides preventing 
lateral spread 

Specimen 

Bottom tool 

Schematic representation of channel die plane strain 
compression machjne (after Ref. 5} 

where br is the average breadth after deformation, b0 is the 
average breadth before deformation, h, is the average 
thickness after deforma tion, and h0 is the average thickness 
before deformation. 

More recently, Shi et al.' indicated that the exponent in 
equation (I) should be nearer 0·2 for alumin ium specimens 
lubricated with graphite. Numerical analysis of a large 
number of aluminium specimens tested to different strains 
using water based graphi te lubrican ts in place of the 
origina l oi l based lubricants has required the exponent in 
equation (I) to be modified to 0· I 8. Using the adjusted 
equation, the instantaneous bread th h in•t is current ly 
estimated using 

b; • ., = b0 [ l +C -C (h1 • .,/h0 )"""] • • .. (2) 

where h, • ., is the instantaneous th ickness, calculated from 
the output of the displacement transducer during the test. 

Lubrication and friction 

Ideally, there should be no friction between the tools and 
the specimen. This would res ult in a measured load 
response that is solely determined by the resistance of the 
specimen to deformation. Tenon (PTFE) tape approaches 
this situation most closely, but its temperature stabi lity is 
limited to J50' C and, in practice, a water based graphite 
lubrican t is found to be most suitable for the testing of 
aluminium. 

Origina ll y, it was believed that only oi l based graphite 
lubrican ts were suitable,6•7 but more recen t experiments 
have shown that modern water based lubricants yield 
acceptable and reproducible lubrication, without the prob­
lems. associated with oil burning off when reheating the 
spectmen. A problem with any form of lubrication is that 
the lubricant increases the effective thickness of the 
specimen, which makes it difficul t to determine the start of 
deformation unambiguously. This aspect wi ll be discussed 
in the section below concerning 'Origin correction'. 

To determine the now stress of the material the 
instantaneous pressure must first be calculated fro~ the 
instantaneous load. The load exerted by the ram r.. •• , is 
con~erted to an average instantaneous pressure An.o using 
the mstantaneous breadth b, ... 

. . . . . . . . (3) 

The maximum shear now stress can then be deduced from 
the instan taneous pressure depending on whether the 
friction con~itions are predominantly sliding friction, 
st~ckmg fnctton, or a combination or the two. Sliding 
fnct1on assumes a constant Coulomb friction coefficient 
whereas sticking friction assumes the contact stress at th~ 
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llack Front 

2 Schematic front and side views of 'traditional ' plane 
strain compression setup 

tool/specimen interface to be equal to the mncerial fl ow 
stress in pure shea r. Different fri ction conditions may occur 
in different regions of the con tact area ut the same time. In 
this case, it is assumed that the lubrica tion cnu es each 
type of behaviour to occur in distinct bands across the 
width of the specimen. 

As men tioned above, a ratio wfh of greater than 1·5 is 
required to ensure plane strain conditions but, a! this ratio 
increases, so the effect of friction increases. I ncrcascd 
friction between the tools and the specimen increases the 
pressure required to produce yielding. 

Hill" derived an approximation for the condi tions during 
rolling that may also be applied to PSC testing. Assuming 
small values of I' (sliding fri ction) and w > h. Rowe derived 
an expression to describe the average pressure exerted by 
the tools in terms of the shear now stress k (Ref. 9) 

p h [ (~'w) J -z- cxp - - 1 
2k J'IV h 

. . . . . (4) 

where I' is the fri ction cocllicient. For sticlc.ing fri ction 
conditions, relative movement of I he specimen and tools is 
by shearing of the material at the interface rather than 
sliding between the specimen surface and the tool surface. 
However, a modified form of the analysis enables n similar 
expression for sticking friction condi tions to be derived 

p IV 2k - 1+4h ....... . ...... (5) 

It is to be noted that equations (4) and (S) arc only v lid 
when either sliding or sticking friction conditions pply 
over the entire tool face. However, there m y be n 
intermediate situation when the sticking condition exists 
only in the central region and the outer edges h vc sliding 
friction conditions. The posi tion where the friction eh ngc:s 
from sliding to sticking friction condi tions : 0 may be found 
by equating the dpfdx terms or the equa tions r r sliding 
and sticking rriction. This yields 

: 0 • (~)In(~) ..... . . . (6) 

The friction conditions become 'parti lly sticking' if 
w > 2z0 > 0. It is notable thnt : 0 is dependen t on the 
thickness of the specimen. The average press ure in terms 
of shear stress is then 

j_ • ~ (.!_ _ 1) + (w/2) - z0 + ((w/2 ) - z0 ]
1 

2k iJW 2Jl iJW hw 
. . . . ..... (7) 
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In pr~ct!ce. there will always be some spread which relaxes 
the fncllonal effects at the edges of the specimen. Orowan 
and Pascoe 10 accoun ted for this effect for the case of 
sticking friction . They suggested that, at large specimen 
bread ths, _the correction is relatively insignificant, but if the 
b~adth IS less than si~ to eight times the specimen 
thickness, such a correctton becomes essen tial. Owing to 
the constraints of the present testing setup, the correction 
~o: •t:,ead of the specimen can not be ignored as, typically, 

The method used by Orowan and Pascoe can be 
extended to derive expressions for all frictional conditions 
and this leads to addi tional tcm1s in each of the frictio~ 
equa tions, which may be summarised as follows." 

If 2z0 > w (sliding friction) 

j_ ~ ~ [2h
2 

(b - w)h] [ (pw) J 2h 
2k b 

z + exp - I --
w J1 J1 h J1h 

. . . (8) 

If w > 2:0 > 0 (partial sticking friction) 

l. D ..!!_(~- l) + (w/2 )-zo + [(w/2 ) -z0)2 
2k JHV 2p fiW hw 

I (2z~ 2hz0 h h1 2h1
) 

+ -;;;; --;; - Zo-~ + 2j; - h + WJlz - JIW 

I ( 2 4z~ w
2

) +hh zo- Jw -i2 · · · ... . .. (9) 

If 0 > 2:0 (sticking friction) 

jl w w2 

-- 1+----
2k 4h l 2hll 

0 (10) 

Modern computers enable these calcu lations to be per· 
~a rmed routinely at very high speed; thus, the new program 
1n~ludes the full fri ction equations as described above, z0 

bemg computed ut each increment throughout the test 
uSJng the instantaneous thick ness. The value of z0 is then 
~sed to determine which friction condi tions prevail, und 
mstuntaneous values of breadth and thickness are substi­
~utcd into equations (8), (9), or ( 10) to determine the 
Instantaneous mean pressure. 

The flow s tre~s . n of the material is then calcu lated using 
the same emptncal correction factor f as for strai n 
discussed below, from ' 

2k 
(1 - ~ (3/2)"2 0 0 0 0 0 0 0 0 • - • ( 11 ) 

Origin correction 

As stated a.bov~, the application of lubrican ts complicates 
the determmat_tOn of the start of specimen deformation. 
The PSC. machtne at the U~iversity of Sheffield was initially 
used mlllnly for deformatiOn of steel specimens at high 
temperature(> 800•q. In this temperature region, graphite 

~ not be used and, normally, glass lubricants are applied, 
whtch arc up to (}2 mm in thickness before deformation. 
To corre~t for the e~ect of excess glass being squeezed from 
the spec•.menftool tnterfacc at the very beginning of the 
def~~2auo~. a method was originally proposed by Colas­
Omz. Thts method corrects for the initial curvature in 
the l<;>a.d-displacement plot and has also been applied to 
alummtum tests.u 

In re~ent tests ~onducted entirely on aluminium speci­
mens Wtth and wtthout graphite lubricant it was found 
~hat l~c grap~ite layers are so thin ( <'0·02 mm) that 
squeezmg out does not significantly influence the load 
response. Indeed, il was found that there was some 

z 
~ 
'C .. 
0 _, 

-0.05 0.05 0.15 0 25 

Displacement (mm) 

3 Example of load-elongation curve for double 
deformation test carried out at 450'C and 2·5 a-' 

uncertainty in the origin even when testing unlubri ted 
specimens. These experiments showed that any mbiguity 
in the origin arises from the tools being slightly mi aligned 
from front to back (i.e. the tool faces not being perfectly 
parallel, see Fig. 2), and/or the specimen not being perfectly 
parallel across its width. The error introduced by these 
phenomena is - 0·05 mm (for a specimen SO mm in width). 
Therefore, it is believed that the method appropriate to 
correct for the squeezing out of the lubricant, whi h 
'a rtificially' clean up any dfecl of misalignment, is not 
justified for llraphite lubrica tion. Obviously, the ciTe t of 
this 'misalignment' disappears on subsequent deformation 
of the same specimen, where the specimen ha deformed to 
the shape of the tools, as can be seen in Fig. 3. 

Therefore, the only correction applied to the raw data 
should be for possible errors in the zero po ition. This is 
done by measuring the meun th ickncs of the specimen 
after deformation Ill a min im um or eight points 11 ro. 
the width . This value is then corrected ~ r the thermal 
expansion or the specimen. (Thermal expansion must ulso 
be taken into account when calculating the initialthi kne s 
or the specimen from the 'cold' meusurementJ.) From the 
initial und final 'ho t' thicknesses, the mtuimum di pi ce­
ment of the tool 11., ....... is derived. This is compared with 
the maximum displacement recorded by the displ. cement 
transducer on the PS machine d~:: . Any di repnn y 
between these two values is now corrected for by shlrl­
ing the load- displacement curve in su h way th t the 
maximum actuator displacement is equal to the maximum 
measured displacement 

d~,. · d~w+(d':'.':: - dMDOOU,..) , o o o • o o (12) 

Either procedure implies that any elasti de~ rmnti n and 
the precise stre53 ftl the onset r pi tic deform ti n t10 i 
difficult to detenninc ccur uely. Alihou h the method 
proposed by Col -Ortiz suggc ts le s ambiauous rt0, it 
is not applicable 10 grnphitc Jubri ted tests. 

Calculation of strain 

If the equivalent tensile strain l in the specimen nrler 
defonnation is calculated n53umin ideal pi no train 
conditions, i.e. • t • -11 and •1 - 0, then 

l • ~ ((•1 - £2)2 (s, - c1)
1 

(11 - •tl')'11 
• • • (I ) 

That is 

2 h r•··1· V3'"h;; ....... ..... ( 14 l 
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However, r.1 = ln(h/h0 ) , r. 2 = ln(b/b0 ), and t 1 = -e,- t 1 , 

accounting for lateral spread. Substituting gives 

V2 
l = 3 [( 2r., + r.1 )

2 + (r.,- <1 )
2 + (e2 + 2e1 )

2
]

112 
( 15) 

Therefore, the equivalent tensile strain is 

2 
l= yj (r.~ + e, r., +en''' . (1 6) 

i.e. because e2 is related to e, by equation (2 ), f can be 
dcf1 ned by 

. • . . (1 7) 

Equation (17) can be used after the test to convert the 
values of instantaneous th ickness into equivalent strain. 
However, during a test, it is necessary to calculate the 
instantaneous equivalent strain online. This requires a very 
simple algo rithm, as (even very modern) control systems 
can not process the 'log function' quickly enough. Therefore, 
a nominal factor f' is calculated for use during the test 
from the in itial breadth of the specimen and the tool width 

, 2/V'3(b - w) + w VJ 
I ~ b 

2 
..... . ... (1 8) 

This fi rs t estimate is then replaced by f from equation ( 17) 
du ring the pos t·processing of the data (offli ne). The stress­
strain curve deri ved from the load- displacement dala or 
Fig. 3 is shown in Fig. 4a. 

Instantaneous strain rate 

Many existing PSC machines do not have a veloci ty 
transducer and the ram velocity can not be measured 
onlinc. In this case, the instantaneous stra in rate ut each 
time increment is calculated from the deriva tive or the 
po lynomial fitted to the strain- time curve. Usi ng the Gauss 
method. an ind ividual second order polynomial is fitt ed for 
each point on the curve, using the five poi nts before and 
after the defined point. 

At the beginning of the datase t, there are insufficient 
points that lie before the fi rst few points; thus, the curve is 
fi tted to the nine points following. A similar problem occurs 
at the end or the file where the previous nine points are 
fi tted but, in both cases, the initial data points are recorded 
before (or after) the tools come into contact with the 
specimen and, thus, they have no inOuence on the strain 
rate calculati on during the deformation itself. 

Load-elongation compensation 

The PSC testing machine with the PSC tools at Shef· 
field has an actual machine stiffness or -330 kN mm - • 
(a lthough this varies sli ghtly as a function or tempera tu re), 
which implies that, at maximum load, the machine frnme 
and tooling will stretch more than 1·5 mm. The control 
system incorporates an electronic circuit that automaticnlly 
accounts for the stretch in the machine frame and adjusts 
the ram displacement as load is appl ied. The magnitude of 
the correction to the displacement readings is proport io nal 
to the instantaneous load and, in general, analog correction 
for this effect is made online during the test by appl ying 
load-elongati on compensation (LE ). However, for stress 
relaxation tes ting, it is essential to pe rfonn tests wit hout 
LEC, which makes the machine appear infinitely different, 
and to correct the displacement readings during subse· 
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quent data analysis. This has been allowed for in the new 
analysis soft ware. 

This load-elongation compensation circuit is calibra ted 
by bringing the tools together without a specimen between 
them. The machine is gradually loaded to iu full cap city 
and the change in displacement reading is noted ns a 
function or load. The amount of compens111ion is varied 
through a helipot, and the req uired amount of compen· 
sation is that which does not lead to any variation in the 
displacement readings as the machine is loaded to fu ll 
capaci ty. When properly compensated in this way, the 
machine effectively becomes infinitely stiff. The calibration 
is found to be moderately se nsi tive to the test temperature 
and must be repeated each time a new temperature is used . 

Temperature measurement 

Temperature is usually measured by implant ing a metal 
sheathed, ceramic insulated thermocouple in the speci· 
men. All thermocouples are calibrated again t a secondary 
standa rd before each test at lhc tempera ture of interest. 
Idea lly, the thermocouple is located directly in the cen tre 
or the defo rmatio n zone du ring the tes t, although it may 
be shifted du ri ng the course of deformation. At the 
beginning of a test, the tip of the thermocouple may not 
be in perfect thermal con tact with the specimen and the 
recorded temperature may ' lag' sligh tly behind the true 
local tcmpcruturc. However, in most c. se , the dcrormntion 
ensures very close thermal con tact is established at strains 
or less than ()-2. 

However, a therm ocouple only measu res the lemperuturc 
ut one specific place in the specimen. To obtain un overview 
of the temperature th roughout the specimen, a valida ted 
finit e difference model has been developed." The model is 
capable of predicting the gradients of lcmperaturc within 
the tcstpiece, which are important when considcrin11 the 
temperature along the slipline field and the elfe IS on the 
local microstructure. The relevance when intcrpre11n11 
PSC datu is to rea lise that deforma tion takes piu e nt I he 
mean tempera ture of the volume undergoing deform t1on , 
rather than simply at the tempera ture recorded by the 
thermocouple. 

New software 

The methods used to interpret PS dn t dis us ed hove 
fonn the bnsis of a new Visu I On ic sonw re progr m. 
The program is primari ly con erned wi th fn I, reliable 
in terpretati on of ra w data n step by step b is, but is 
also useful when interpreting d ta produced usi ng non· 
standard testing procedures. 

The output files from the P m chine eont in Input 
data and the output sign Is in on encoded forn1. The Input 
infonnation describes the details of the test such s the 
strnin, strai n rate, and tcmpero tu re. TI1e output sign Is re 
the load, displacement, command sign I, and temper turc. 
The output sign Is arc recorded t a constant cl k 
frequency and, thus, real time is not recorded, bu t inferred 
from the clock frequency. 

On loading the file. the outpu t ign Is arc I dcd into 
arrays and then immedi tely decoded into A fur1her 
four arrays. eh time the d lA in n nrr y arc m lified. 
a new rroy is created le ving the rigin I array unm j. 
fied. All nrrnys arc repon ed In the out pu t file from the 
program. This has the advn ntngc thnt the etT: t f 11 or­
rections can be ob erved and ny err rs, such IU en tcnng 
inco rrect values of machine eompll n • tivntion 
energy for defonnntion Q.,,. or fina l specimen th ickness, 
can be detected. 
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load-displacement data for aluminium alloy 6082, at 
350'C and 0·5 s · 1 

The temperatu re signal recorded online is in microvolts 
which arc converted to degrees Celsius assuming use of ~ 
K type thermocouple during testing. As the calibrated 
thennocouple used during the test may incorporate a small 
error, provision has been made to account for this as a 
globa l modifica tion to the decoded temperature signal. 

Selection of a 'material type' assumes default values 
for the thermal expansion coefficient (typically -23 x 
10"6 K " 1, for aluminium alloys) and Qd.r (lypically 
156 kJ mol " 1 ), both of which can be modified. Using the 
cold final dimensions of the test piece, the thennal expansion 
coefficient enables automatic calculation of the hot dimen­
sions. and, subsequently, the spread coefficien~ which is a 
func tiOn of the hot mean breadth and hot final thickness. 

Each of the corrections to the raw data is made in fixed 
order then 'disabled' once completed by the user. This 
ensures that the user can not repent a correction accidentally 
or perform corrections out of order. Following each 
correc.tion, the user is able to observe its effect by comparing 
graphically the values before and after correction. Examples 

80 ···--·--·----·---··-----··-----·-·---
N" 
I 

E 60 
E 
~ 40 
Ill 

"' Gl 20 ... .. 
Cl) 

0 
0 0.5 1.5 

True strain 
5 Stress- strain curve for aluminium alloy 6082, at 350'C 

and 0·5 s · • 

of these plots are shown in Fig. 4 for a single deformation 
test, performed at Jso•c and a strain rate ofQ-5 s" 1 and to 
a nominal strnin of t ·5. Figure 4a shows the raw load­
displacement data before any correction. 

The LEC is performed first if this was not made onlinc 
during the test. This corrects the displa ement readings 
for stretch of the machine frumc in proportion 10 the 
instantaneous loud. as can be seen in Fig. 4b. Next, the 
'origin' correction is made, which ensures that measured 
final speci men thick ness and recorded maximum displace­
ment signal coincide. This is shown in Fig. 4c. Usi ng the 
spread cocllicicnt, displacement dnta can be used to 
compute the instunt<~neous breadth ut each time increment 
throughou t the tesl. This in turn enables cui ulation of the 
f factor, which accounts for the deviation from ideal plane 
strain conditions, und, thus. the equivu lcn t tensile struin 
can be determined. 

The instantaneous breadth is also used to detenninc the 
instantuncous pressure. From determination of :0 t en h 
increment throughout the test, the friction conditions that 
prevail may be c;tlcu latcd. This enables the inst nt ncous 
pressure to be converted into u shear stn:S!, wh ich in turn 
can be used to calculate the equivalent tensile stress using 
the f factor. The stress- strain curve is shown in Fog. 5, the 
distinct rise in the now stress being liS resul t of the 
specimen rapidly losing heat to the tools. 

The instantaneous strain rate is c mputed by fittmg 
second order polynomial to the str in- time urvc over five 
data points each side of the reference point . Th is curve is 
then differentiated to gi vc the strain rntc evoluti n. 

Using Q.,,. the activation energy for deformation , 
instantaneous values of the Zcner- ll ollomon parameter Z 
may be calculated, using 

Z ( Q•·') • ccxp RT (19) 

where R is the universal gtu constnn t and T is temper tu re. 
A further array of the smoothed iJafiJe fun tion Is Is 
calculntcd. This describes the instant neous slope f the 
stress- strain curve, which m y be used to cn:ate K ks­
Mecking plots, and permits estimation of tho steady state 
value of flow strcs . This informntion is u ed to en ble 
fitting of constitutive equations to the dat u de ribed 
elsewherc.u .u 

The output file is written in comma separated fonnat 
suitable. for use in spreadsheet packn cs. 11 in ludes 11 of 
the information con tained in the origina l output file from 
the machine, both seal r and outpu t signals unmod1ficd 
along with each array created by tho program. A 'mncr ' 
has been written which allows the output files to bo lo. ded 
into Microsort Excel, and which generates graphical output 
from the inrormation. 
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Conclusions 

Some important aspects that should be considered during 
in terpreta tion of plane strain compression (PSC) d a ta for 
aluminium alloys have been discussed. In particular, these 
include correction of raw data for the effects o f lateral 
spread and friction, which shows the im portance of using . 
ca refully a ligned tools and accurately ground specimens 
to minimise the uncertainty in determining the start of 
deform ation. The detai ls of the interpretation form the 
basis for new software which can be used to 'post-process' 
raw plane strain compression data in a systematic and 
rel iable manner. This incorporates new fea tures whereby 
the opera tor can 'post-process' a load-elongation compen­
sation (LE C) for tests where this has not been performed 
onlinc. Furthermore, a ny calibration errors in the thermo­
co uple readout can be corrected during post-processing. 

The friction eq ua tions have been analysed in three 
dimensions, taking into acco unt the finite breadth of the 
specimen. Modified eq uations for slipping, sticking, and 
pa rtia l sticking friction are presen ted. 

To account for la teral spread o f the specimen durin g 
testing, a modified form o f the empirical 'spread' equation 
has been developed which mo re closely lits experimental 
d a ta. 

The procedure p roposed by Co las-Ortiz to determine 
the start of deformation of the specimen was shown not to 
be applicable to wa ter based graphite lubricants. In th is 
case, the initia l slo pe of the stress- strain curve has been 
shown not to be ca used by the squeezing out of the 
lubricant, as is the case for glass lu bricants, but instead, 
the result of a slight front to back misa lignment of the 
tools. As it represents the actua l deformation of (parts of) 
the specimen, it is believed to be better not to co rrc'C t for 
this e ffect. Obvio usly, this will make the precise determin­
atio n of the s tress at very low o r zero s train diJr.cult . 

Fina lly, the J factor used to d etermine the deviati on 
from ideal plane strain conditions has been redclincd. 
When the defo rma tio n is plane strain, J = I. Furthe rmore, 
the value of f used during the pos t-processing o f the da ta 
is no w based on the von Mises criterion ra the r th an upo n 
empiricism . The empirical equation incorpo rating f' is still 
used o nline. 
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T bl 2 1 T . I d t f . d t . I b k d 11' a e yp1ca a a or 1n us na rea - own ro Jng 

Capacity [7) 400 000 tpa 

Start Temperature 550 oc 
Final Temperature 450°C 

Number of passes 12-25 

Roll diameter 580-970 mm 

Initial thickness of the slab 550mm 

Final thickness of the slab 30mm 

Strain per pass (-)0.06 to (-)0.5 

Total Accumulated strain (-)3.5 

Average strain rate 1-10 s-1 

Inter pass time 12-180 s 



T bl 2 2 T . I t ~ t d 1r a e yptca parame ers or an em ro tng 

Capacity [4] up to 600 000 tpa 

Entrance Temperature 400-450 oc 
Exit Temperature 300-350 oc 
Number of passes 2-5 

Initial thickness of the slab 15-25 mm 

Final thickness of the slab 2-3mm 

Typical strain per pass 1 

Max. accumulated strain 3 

Average strain rate 10-100 s·1 

Inter stand time 1-3 s 



Table 2.3 Window of chemical compositions of AI-1Mn-1Mg and published 
T t d'fti t r compos1 1ons rom 1 eren su :>p 1ers 

Supplier Ref. code Si Fe Cu Mn Mg Tl Zn AI 

Limits of [18] 3104 <0.6 <0.8 0.05- 0.8- 0.8- <0.10 <0.25 bal 

AA3104 0.25 1.4 1.3 

Limits of [18] 3004 <0.30 <0.70 <0.25 1.0- 0.8- <0.25 bal 

AA3004 1.5 1.3 

Hoogovens 3104 0.19 0.29 0.20 0.89 1.05 0.008 0.01 97.37 

Material A 
(this work) 

Material B n/a 0.23 0.35 0.16 0.91 1.24 97.1 

(this work) 

Hydro [36] 3004 0.21 0.30 0.15 0.91 1.15 bal 

Granges [64] 3004 0.20 0.50 0.17 1.00 1.29 0.019 0.03 bal 

Ravenswood [26] 3104 0.2 0.4 0.15 1.00 1.05 bal 

aluminium 

ALCOA [87] 3004 0.18 0.41 0.12 1.10 1.01 0.04 bal 

[88] 

Sky [89] 3004 0.20 0.45 nla 1.05 1.20 bal 

Aluminium 

Asv Nordisk [90] 3004 0.14 0.50 0.17 1.05 0.92 bal 

Aluminium 

Pechiney [91] 3104 0.2 0.2 0.15 1 1 bal 

Alunorf [92] 3104 0.2 0.4 0.18 0.9 1.2 bal 

Alcan [16] nla 0.14 0.48 0.24 1.00 1.08 bal 

Furukawa [93) 3004 0.16 0.50 0.14 1.07 1.07 0.01 0.01 bal 

Aluminium Co. 

VAW [3] 3004 0.15 0.4 0.15 1 1 bal 

RWTH [52] 3004 0.21 0.14 4.16 0.54 1.37 0.02 0.04 bal 

Comalco [72] 3004 n/a 0.37 0.22 0.96 1.23 bal 

Alloy for [94] 3004 0.25 0.43 nla 1.05 1.04 bal 

stripcasting 



Table 3.1 Technical details of the laboratory mills 

Mill Hille 50 Robertson 

Maximum load 50 tonnes N/A 

Maximum gauge 50.1 mm 30mm 

Maximum width 200mm 200mm 

Maximum torque 3366 Nm N/A 

Roll radius 68.2 mm 123.8 mm 

Speed 2-63 rpm 30 rpm 

Minimum reversing time when 12 s 30s 
running at max. speed 



Table 3.2 Overview of the different experimental series 

Series Ma1Brial Schedule Homogenisation Lubrication Set point Objective 
treatment tube 

fumace 

1 A 9-pass separated No 750°C Introductory tests 

2a A 14-pass integrated Yes 750 oc Industrial schedule 

2b A 14-pass separated Yes 750°C Influence of 
homogenisation 
treatment 

2c A 14-pass integrated Yes 650°C Influence of rolling 
temperature 

2d B 14-pass integrated Yes 750 oc Influence of chemical 
composition 

3 A 7-pass separated No n/a Check validity of 
spread equations for 
a different roll radius 



Table 3.3 Nine pass rolling schedule (Test series 1) 
Pass Final Strain Average Inter-stand time 
no. gauge of last strain rate after n1

h pass 
[mm] pass [s·1] [s] 

0 39.2 -- - --
1 35.9 0.10 2.90 15 
2 32.7 0.11 3.12 15 
3 29.4 0.12 3.50 15 
4 26.1 0.14 3.92 15 
5 22.9 0.15 4.37 15 
6 19.6 0.18 5.12 15 
7 16.3 0.21 6.07 15 
8 13.1 0.25 7.31 15 
9 9.8 0.34 9.56 15 

cumu 1.6 135 
-lative 



Table 3.4 Fourteen pass rolling schedule (Test series 2a-2d) 
Pass no. Flllal Strain Average ~ Average lnterstand Average 

gauge strain Deformation time after nth Annealing 
ra1e ~ pass ~ 

[rrm] [s-1] rCJ _00 _LCl 
equation (2.2) (2.7) (2.8) 

0 58.6 -- - -- -- 550 
1 50.1 0.18 1.13 0.91 540 12 540 
2 48.2 0.05 1.14 0.87 535 12 540 
3 43.4 0.12 1.26 0.78 530 12 530 

.4 38.7 0.13 1.40 0.70 525 12 525 
5 34.0 0.15 1.58 0.62 520 12 520 
6 29.3 0.17 1.82 0.54 518 15 515 
7 24.6 0.20 2.14 0.46 512 15 505 
8 19.8 0.25 2.60 0.38 505 15 490 
9 15.1 0.31 3.31 0.31 470 15 460 
10 11.3 0.33 3.91 0.25 457 30 450 
11 7.6 0.46 5.52 0.19 455 50 450 
12 4.7 0.55 7.39 0.15 425 100 460 
13 3.2 0.44 8.30 0.13 450 180 470 
14 2.2 0.43 10.14 0.08 450 120 470 

cumulative 3.79 600 



Table 3.5 Seven pass rolling schedule, Robertson Mill (Test series 3) 
Pass Final Strain ll 
no. gauge of last 

[mm] pass 
0 20 -- --
1 19 0.06 1.75 

-2 18 0.06 1.66 
3 17 0.07 1.57 
4 15 0.14 1.01 
5 13 0.17 0.89 
6 10 0.30 0.59 
7 7 0.41 0.43 



T bl 3 6 E a e t I dl f PI xpenmen a con 1 tons or t . ests ane s ratn compJesston t 

No Temperature Strain rate z 
(oC] [s-1] [s-1] 

1 280 0.01 5.46E+12 

2 280 1 5.46E+14 

3 280 50 2.73E+16 

4 330 0.01 3.28E+11 

5 330 1 3.28E+13 

6 330 50 1.64E+15 

7 380 0.01 3.02E+10 

8 380 1 3.02E+12 

9 380 50 1.51E+14 



T bl 4 1 S 'fi 11 t t d d' . a e . peCIIC ro orce measuremen s an pre 1ct1ons 

Pass no. Measured roll Slimmer prediction Corrected Slimmer for 
force (for Al-1 Mg) AA3104 

[kN/m] (kN/m] [kN/m] 

1 1302 442 854 

2 795 229 443 

3 1229 349 674 

4 1166 369 711 

5 1069 396 762 

6 1276 418 803 

7 1280 546 1048 

8 1407 509 975 

9 1462 647 1233 

10 1536 668 1272 

11 1915 752 . 1417 

12 2174 887 1664 

13 1476 612 1156 

14 1529 555 1048 



Table 4.2 Microstructural characterisation during the 9 pass schedule 
(series 1) 

Pass no. Resistivity Fraction Cube FractionS 

[Om] 

0 4.67E-08 3.50% 10.03% 

1 4.69E-08 4.34% 19.10% 

2 4.69E-08 3.95% 21.65% 

3 4.68E-08 3.73% 22.21% 

4 4.67E-08 4.27% 24.85% 

5 4.65E-08 4.35% 26.34% 

6 4.65E-08 4.95% 27.99% 

7 4.64E-08 3.80% 28.54% 

8 4.64E-08 3.80% 31.03% 

9 4.58E-08 3.39% 31.81% 



Table4.3 

Pass no 

0 

5 

·a 
7 

8 

9 

10 

11 

12 

13 

14 

Microstructural characterisation during the standard 14 pass 
schedule (series 2a) 

recr. Average grain size Resistivity Cube s 
[%] of the recrystallised [!lm] 

grains [J.Lm] 

0 140 5.52E-08 1.00% 6.90% 

0 - 5.19E-08 1.30% 7.10% 

5 70 5.23E-08 1.30% 7.40% 

10 60 5.18E-08 1.31% 6.53% 

7 50 5.01E-08 1.23% 5.99% 

3 - 5.38E-08 1.40% 6.99% 

20 60 5.13E-08 2.09% 8.90% 

60 40 5.19E-08 1.73% 7.14% 

90 52 5.02~-08 3.83% 7.28% 

100 67 5.10E-08 4.13% 15.18% 

100 33 4.74E-08 3.54% 15.97% 



Table4.4 

Pass no 

0 
8 
10 
12 
14 

Microstructural characterisation during low temperature 14 
pass schedule (series 2b) 

Recrystallised Resistivity Cube s 
[%] [Qm] 
0 4.67E-08 1.00% 6.90% 

3.33% 4.66E-08 1.70% 14.40% 
7.33% 4.50E-08 1.60% 12.60% 
81.67% 4.58E-08 5.80% 4.80% 
100% 4.53E-08 3.90% 5.40% 



Table 4.5 Microstructural characterisation during 14 pass schedule with 
separate homogenisation treatment (series 2c) 

Pass no Recrystallised Resistivity Cube s 
[%1 (Om] 

0 5.52E-08 1.00% 6.90% 
13 100% 5.05E-08 5.10% 6.30% 



Table 4.6 Microstructural characterisation during 14 pass schedule on 
Material b (series 2d) 

Pass no Recrystallised Resistivity Cube s 
[%] . [Om] 

0 0% 5.08E-08 2.45% 8.95% 
8 5% 5.08E-08 

10 7% 5.06E-08 2.05% 8.25% 
11 100% 5.03E-08 
12 100% 5.00E-08 2.70% 4.30% 



r bl 4 1 s· d. t ·b r t a e IZe 1s n u 1on parame ers o f th ft t rfl e cons 1 uen _2_a 1c es 

Tl H L No 
[m] [m-3] [m-1] _lm·:J_ 

as- 1.96E-06 1.97E+15 8.13E+05 1.23E+15 
homogenised 

Material A after 10 2.03E-06 6.23E+14 5.54E+05 5.53E+14 
(series 2a) passes 

after 14 2.36E-06 8.00E+15 1.18E+06 2.86E+15 
passes 

Material B as- 1.94E-06 1.37E+15 6.74E+05 1.05E+15 
(series 2d) homogenised 

after 10 1.57E-06 1.45E+15 9.13E+05 1.01E+15 
passes 



Table 4.8 Flow stress data 10-pass material 

Temperature Strain rate Iso-thermal Flow stress Iso-thermal steady state 
(oC) [s-1] at &=0.1 flow stress 

[MPa] [MP a] 

270 0.01 110 110 

320 0.01 80 79 

370 0.01 54 53 

270 1 137 154 

320 1 99 112 

370 1 88 91 

270 50 144 165 

320 50 128 141 

370 50 113 123 



T bl 4 9 Fl a e . t ow s ress d t t ~ t . I a a rans er gauge ma ena 

Temperature Strain Iso-thermal Flow stress at Iso-thermal steady state 
(oC) rate e=0.1 flow stress 

[s-1] [MP a] [MP a] 

300 0.25 111 117 

400 0.25 64 66 

300 2.5 128 137 

400 2.5 82 85 

300 25 135 150 

400 25 97 104 



Table 4.10 Sigma(Z) (steady state) parameters for the present experimental results 

and some values from the literature 

Pararreler Equation Present work Castro- Andersson et al. 
Fernandez [64] 

[46) 

10-pass Transfer Transfer Cast 11-pass 

p;a 2.12 0.129 0.096 0.09 0.122 0.111 
[m21MN] 

In A;- 2.12 16.12 19.58 21.5 18.17 19.19 

p~ 2.13 0.051 0.077 
[m2 /MN] 

n" ) 2.13 1.88 1.15 

In A• ) 2.13 22.8 20.96 



Table 4.11 Sigma(Z) (E=0.1) parameters for the present experimental results and 
some values from the literature· 

Parameter Equation Present work Castro-
Fernandez 

[46] 

10-pass Transfer Transfer 

' p~· 2.12 ·0.252 0.251 0.13 
[m2/MN] 

In~· 2.12 18.75 18.75 20.4 



Table 4.12 Data used for the SUMMER simulations 

Material properties 

Alloy Al-lMg 

Convection coefficient 0.00267 kW/m2K 

Emissivity 0.63 

Roll properties 

Heat transfer coefficient 12.5 kW/m2K 

Temperature 50 °C 



Table 4.13 Modelling constants used in the NTNU-model 

Equation Parameter Value 

2.19 c, 0.026 

2.19 c2 0.06 

2.38 Cc 0.24 

2.39 CpsN 0.18 

2.42 Cas 0.09 



Table 5.1 Deformation parameters of the 1-10 pass and the 13th pass 

Pass E .. E Tdef z 
[s-1) (oC] [s-1] 

1-10 1.64 2.41 495 9.82E+10 

13 0.39 8.30 450 1.55E+12 



Table 5.2 Four models (equations 5.6, 5.7, 5.8 and 5.9 applied to the fourteen 
pass rolling schedule 

Model Raghunathan Sheppard Helmi present work 

equation 5.5 5.7 5.6 5.9 

pass no ho h, bpredlcteJbo bpred~O bpredicteclbo b~o 

[mm] [mm] 

0 -- -- 1.000 1.000 1.000 1.000 

1 58.6 0.050 1.035 1.006 1.032 1.028 

2 50.1 0.048 1.036 1.007 1.033 1.035 

3 48.2 0.043 1.052 1.009 1.047 1.051 

4 43.4 0.039 1.074 1.013 1.063 1.066 

5 38.7 0.034 1.107 1.016 1.083 1.082 

.6 34.0 0.029 1.157 1.020 1.106 1.097 

7 29.3 0.025 1.239 1.026 1.133 1.113 

8 24.6 0.020 1.394 1.034 1.168 1.129 

9 19.8 0.015 1.720 1.045 1.208 1.145 

10 15.1 0.011 2.358 1.062 1.244 1.157 

11 11.3 0.008 4.870 1.104 1.286 1.170 

12 7.6 0.005 34.021 1.298 1.323 1.179 

13 4.7 0.003 79592.10 0.311 1.341 1.184 

14 3.2 2.2 #NUM! 0.000 1.353 1.188 



Table 5.3 Performance indicators of two spread models 

Model Remarks Equation s Srat 

[mm) [%] 
Present work cspread = 0.19 5.9 1.29 1.98 

cspread 014 
nonlubricated = · 5.9 1.08 1.66 

cspread 0 20 
lubricated = · 

C ~:,~~~ricated = 0.14 applied 5.9 2.28 3.51 
to the results of the Hille 
and the Robertson mill 

c::ricated = 0.14 5.9 1.44 2.22 

csprcad,Robertson - 0 29 
nonlubricatcd - • 

Helmi and 5.6 3.89 5.53 
Alexander. 
[83] 

applied to the results of the 5.6 2.80 5.96 
(non-lubricated tests) on the 
Hille and the Robertson mill 



Table 5.4 Model predictions of both runs of the NTNU-model 

Assuming As homogenised Assuming '14 pass' constitUent 
constituent particles particles . 

Distribution of Distribution of 
nuclei nuclei 

Pass frex Cube PSN Grain Drex frex Cube PSN Gran Drex 
no [%] [0/o] [%] boun [!lm] [%] [%] [%] boun 

[J.lm] 
daries daries 

[0/o] flo] 

0 0 1 . 0 0 140 0 1 0 0 140 

1 0 0 0 0 - 0 0 0 0 -
2 0 0 0 0 -- 0 0 0 0 -
3 0 0 0 0 - 0 0 0 0 -
4 0 0 0 0 -- 0 0 0 0 -
5 0 0 0 0 - 0 0 0 0 -
6 5.8 4.5 60.8 34.7 50.1 o. 1 0 0 -
7 12.7 4.4 65.9 29.7 55.4 8.2 3 3 94 55.9 

8 18.5 4.3 74.2 21.5 48.3 9.7 2.9 7.3 89.7 49.1 

9 5.2 4.1 83.3 12.5 20.3 0 1 0 0 -
10 0 1 0 0 - 0 1 0 0 -
11 0 1 0 0 -- 0 1 0 0 -
12 100 4.5 64.6 30.9 45.5 100 2.7 10.4 86.8 48.3 

13 100 5.5 77.5 17 55.2 100 4.2 20.4 75.4 74.5 

14 100 5.1 84.4 10.6 43.9 100 4.8 46.2 49 65.1 
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Figure 2.1: Typical flow chart of the production process of can body stock 
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Figure 2.3 Schematic section of an EMC caster (taken from [6]) 
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Figure 3.1 a Photograph of the Sheffield Mill for Aluminium Roughing at 
Temperature (SMART) 

Figure 3.1 b Photograph of SMART being used 



Figure 3.2 Schematic drawing of the Sheffield Mill for Aluminium Roughing 
at Temperature 



Figure 3.3 Schematic representation of the rolling mill. Also shown, the adjacent 
tables and the sponge through which the lubricant is fed onto the top 
roll . 
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Figure 3.4 Drawing of the specimen before the first deformation, including 
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are held together by an extra set of Nichrome wires . 
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specimen 
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Figure 3.8a,b Schematic top view of the PSC-machine in Sheffield: 
a)specimen is heated in pre-heat furnace, b) specimen 
transported into deformation furnace 
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Figure 3.8c Schematic side view of the PSC-machine in Sheffield : 
Specimen just before being deformed. 
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Figure 4.11 Evolution of the S-component during the 14 pass schedule 
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Figure 4.17a Microstructure after homogenisation 

Figure 4.17b Microstructure after 9 passes of series 1 



Figure 4.18a Microstructure after 5 passes of series 2a 

Figure 4.18b Microstructure after 1 0 passes of series 2a 



Figure 4.18c Microstructure after 12 passes of series 2a 

Figure 4.18d Microstructure after 14 passes of series 2a 



Figure 4.19a Constituent particles after homogenisation, 
material A (series 2a) 

Figure 4.19b Constituent particles after homogenisation, 
material 8 (series 2d) 



Figure 4.20a Constituent particles after 1 0 passes, material A 
(series 2a) 

Figure 4.20b Constituent particles after 10 passes, material B 
(series 2d) 
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as measured on the as-homogenised material. The blue bars show the 
model prediction based on the distribution of the 14-pass material. The black 
bars represent the experimental values fiom SMART. 



Ci a. 
~ 
U) 
U) 

e .... 
U) 

~ 
0 
\;:: -ea e 
Q) 

s 
0 
~ 

170 

150 

130 

110 

90 

70 

50 

• 

24 26 28 30 32 

In Z 

• • " , . ... • • • -, • • • " ., 
• 

equation 2. 12 - - equation 2.13 

• exp results 

34 36 38 

Figure 5.1 Performance of equation 2.12 and 2.13, compared with the 
experimental results ( 1 0-pass, steady state) 

• 



170 

I 
I 

150 I 
• 

I ...... ea 
Q.. 

! • 
130 

U) 
U) e ...., 
U) 

~ 110 0 ;;:: -ea 
e 
Q) 90 .c: ...., 
0 
~ 

70 
Present work 

Castro-F ernandez [ 46] 

- - Andersson [64] 

- ·Gelin [70] 
~~ 

50 • # 

24 26 28 30 32 34 36 38 

In Z 

Figure 5.2 Comparison between the steady state flow stress predictions from 
equation 2.12 using the parameters from the present experimental work 
and those from the literature (data from Gelin are calculated with equation 
5.1) 



1 .: . 
Brand [52] ' 

0.9 ' 
······Belling [72] ' I 

' 

0.8 
[J Daaland [29] 

"C 
Q) 0.7 (/) ·--ns 0.6 ,...., 
(/) 

?:." 
(.) 0.5 0 Q) • ... . . 
t: 0.4 

. 
0 . 

: +::; ' (.) . 
ns 0.3 ' ' I.. ' u. ' 

' . 
' 

0.2 
I 

I [J . 
' ' 

' 
0.1 

, 
[J . . [J .. 

0 

1.E+OO 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 

time [s] 

Figure 5.3 Avrami curves from the literature 



0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Pass number 

Figure 5.4 Model predictions for the four models 
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Figure 5.12 Roll force measurements and predictions 
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Figure 5.13 Beese's correction factor 
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Figure 5. 14 Roll force measurements and predictions 
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Figure 8.4 Schematic representation of the lubrication system 


