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ABST CT 

Surface roughening is an undesirable feature in materials. This work 

investigates the cause of surface roughening in four plates of AA6061 with 

different thicknesses (Le. 6 mm, 9 mm and two 12 mm). Production of these 

plates requires thermomechanical processing of the cast slab via a two stage 

process, namely the initial rolling stage on a hot roughing mill (HRM) and final 

rolling on the hot finishing mill (HFM). After rolling. the plates are levelled by a 

tensile stretching process and it is during this process that surface roughening 

of the plates can arise. Three of these plates exhibited severe roughening 

and the other 12 mm thick plate exhibited mild surface roughening during the 

stretch levelling process. Investigations looked closely at how the cause of 

surface roughening is related to the thermomechanical processing. 

The four products studied exhibited different degrees of surface roughening 

during uniaxial tensile deformation. Detailed investigation of the 

microstructure of these four products was carried out. It was found that the 

plates that exhibited severe roughening had large flat and elongated grains at 

the surface. It is the rotation of these surface grains during tensile 

deformation that was thought to be inducing the roughness in the material. 

The microstructure evolution was explained relative to the thermomechanical 

history of the plates. Plane strain compression (PSC) tests were used to 

simulate the thermomechanical processing cycles on the HFM. Large strain 

rates used in the industry were compensated with an adjustment in 

temperature so that an equivalent Zener-Holloman parameter (Z) could be 

achieved. The microstructure of the PSC specimen was characterised using 

the electron back scattered technique. It was found that the grain size 

increases with a decrease in the value of Z. In order to refine the 

microstructure, Z value should be maintained at values greater than 1015 
S-1. 

This is demonstrated by the significant increase in the grain size when Z is 

equal to 1014 
S-1. The large grains in the material exacerbate surface 

roughening. 
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Chapter 1 

1 Introduction 

AA6061 is an age hardenable aluminium alloy containing minor additions of 

Mg and Si. The demand for a material that is lighter than steel but having 

good mechanical properties is a subject of great interest to researchers. This 

demand has led to the study of aluminium alloys such as the AA6XXX series, 

which has a profound application in the automotive body manufacturing and 

aircraft industries. Age hardenable aluminium alloys are sensitive to their 

thermomechanical processing history, which subsequently influences the 

microstructure evolution of the material during solution heat treatment. 

During thermo mechanical processing of materials, the dislocation density of 

the material is increased, resulting in an increase in the stored energy of the 

microstructure. This is not a preferred state of the material and consequently 

the material will behave in such a way as to reduce the energy. Naturally, 

removing the dislocations or arranging them into a low energy configuration 

reduces the energy. The latter process is called recovery and the former is 

termed recrystallisation when the migration of high angle grain boundaries 

occurs. The dislocation acts as the driving force for both recovery and 

recrystallisation. These processes also require thermal energy. 

The microstructure that evolves during recrystallisation determines the 

material's mechanical properties. Surface roughening during stretcher

levelling of plate products is an undesirable behavior in material processing. It 

destroys the luster and smoothness of the material and it also has a 

deleterious effect on the mechanical properties of the material particularly for 

thin gauge sheet. In the latter situation, roughening manifests itself into 

grooves which can act as stress concentration points. resulting in the 

premature failure of the material. In materials such as the AA6XXX series, 

which are meant for automotive body panels, surface roughening is a serious 

problem because it causes uneven surface finish that can result in the paint or 



Univ
ers

ity
 of

  C
ap

e T
ow

n

2 

coating peeling off. Roughening is closely related to the microstructure of the 

material near the surface. In thin sheets the underlying grain structure also 

plays a significant role towards roughening. Earlier studies on roughening 

have shown that surface roughening is due to inhomogeneous microstructure. 

crystallographic texture effect and individual grain rotation(5, 1, 8, 9). The latter 

is regarded as the main source of roughening. There is a linear relationship 

between roughening and the grain size of the material. 

1.1 Objectives 

The objectives of this project are as follows: 

., To determine the possible causes of surface roughening in AA6061 during 

stretcher-levelling and to relate this to the thermomechanical processing of 

the material. 

., To closely study the industrial thermomechanical process that leads to 

surface roughening or "orange peel effect" . 

., Simulate the thermomechanical conditions required during hot rolling to 

eliminate the surface roughening (orange peel effect) that arises during 

stretching of the material after solution treatment processing. 

1.2 Experimental Appr oach 

The experimental approach to be followed towards realising the objectives of 

this project are as follows: 

• Microstructure characterisation of the material. 

• Evaluation of roughening during controlled tensile deformation. 

• Plane strain compression tests in order to study the effect of deformation 

parameters (temperature. strain and strain rate) on microstructural 

evolution and subsequent surface roughening behaviour. 
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.. Electron Back Scattered Electron Diffraction (EBSD) in order to study the 

degree of recrystallisation and recovery and also using it as a 

metallographic tool. 
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Chapter 2 

2 Literature Review 

2.1 Material 

The material used in this study is AA6061. This is an aluminium alloy with minor 

additions of magnesium (0.8 - 1.2 wt. %) and silicon (0.4 - 0.8 wt. %).(1,2) Other 

alloying elements such as iron and copper are present in this alloy in order to 

improve the properties of the material such as the formation of intermetallic 

particles for increased strength and hardness. AA6xxx series are heat treatable 

alloys that find their greatest use in applications requiring medium to high 

strength, excellent formability and good corrosion resistance. 

2.1.1 Alloy chemistry 

AA6xxx AI-Mg-Si alloys optimum strengthening is due to the Mg2Si precipitation. 

Alloy chemistry has a profound influence on the response of the material to post 

thermomechanical processing and properties of the material. Therefore it is very 

important to get the alloying composition right as this forms the base of the 

material behaviour. Zhuang et al.(3) reported the following: 

.. Having a relatively high Si/Mg ratio gives a good combination of 

mechanical properties. 

.. Moderate Mn concentration - higher Mn concentration could result in poor 

ductility, while a lower Mn concentration is insufficient for effective grain 

refinement by means of retarding grain growth of the recrystallised 

structure during solution heat treatment. 

.. Alloying with Cr and Zr- these elements are also expected to retard the 

grain growth during recrystallisation. The effectiveness of these elements 
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on the grain refinement is dependent on the volume fraction and size of the 

particles formed during processes prior to solution treatment. It is 

expected that Zr should be most effective, followed by Cr and then Mn if 

the same concentration is applied, and all the amount of additives is 

consumed to form dispersoid particles. 

2.2 Surface Roughenin 9 

Surface roughening is an undesirable feature that develops during metal sheet 

forming. It can be in the form of continuous ridges or dimples (orange peel 

effect), which is sometimes referred to as deformation induced roughening. 

Extensive research into this subject has been conducted and it is found that 

surface roughening is common in metallic materials such as aluminium, copper 

and steel. 

Surface roughening in most cases is observed in materials after rolling or in the 

subsequent forming operations such as drawing and stretching.(4, 5) Beaudoin et 

a;6) reported that the roughening may take place on a more directional character, 

with features generally aligned in the rolling direction (RO). This phenomenon is 

often referred to as ridging or roping. However the roughening of a sheet on the 

scale of the grain size is commonly termed the "orange peel" effect. The origin of 

surface roughening during metal forming is often associated with several factors 

which include an inhomogeneous microstructure, (7) crystallographic texture 

effects (8,5) and the individual rotation of surface grains(9). Individual rotation 

of surface grains is suggested to be the most significant source of surface 

roughening since it can occur even in a non-textured, homogeneous 

microstructure. In thick plates, grains in the middle of the material are to a less 

extent responsible for surface roughening than in thin plates and sheet metals. 

This is because the activation of crystallographic slip is constrained for grains in 

the interior of the material due to the maintenance of grain to grain 

compatibility(6). This concept implies that the grain size and the applied strain are 
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critical factors in studying surface roughening induced by the rotation of surface 

grains. 

It has been reported that surface roughening increases linearly with increasing 

equivalent strain and grain size(10). Osakada & Oyane(11), referenced from 

Yamaguchi and Mello,.<10), have derived a relationship between the grain 

diameter and the rate of increase in surface roughness for various metals. They 

have found that the rate of increase in the roughness is least for body centered 

cubic structures and greatest for hexagonal close packed structures, with the 

effect for face centered cubic material falling in between the two. This can be 

explained in terms of the number of slip systems available to accommodate local 

deformation. In HCP there are fewer slip systems available and therefore a 

greater degree of surface roughening. By the same reasoning, deformation of 

BCC materials by pencil glide provides a multitude of slip systems. This should 

result in more homogeneous deformation and lower roughening than in FCC 

material, which typically deform by slip on twelve slip systems(12). Fukuda at a/13 

referenced from Yamaguchi and Mellor10 reported that the variation of the 

surface roughness on the free surface can be expressed approximately by 

Equation 2-1. 

R kd E+R o 0 

Equation 2-1 

Where Ro is the initial roughness, k is a material constant determined by 

experiment, do is the average grain diameter of the undeformed sheet and R is 

the surface roughness at the equivalent strain E. The explanation for this linear 

dependency is through a simple model where roughening results from 

incompatibility in the deformation of adjacent grains. Since neighboring grains 

have different crystallographic orientations, incompatibility exists between a grain 

and its neighbours. At the surface, this incompatibility causes grains to move 
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normal to the surface since there is a greater degree of freedom of movement in 

this direction, leading to roughening. This makes linear dependency of 

roughening on the grain size obvious. 

2.2.1 Crystal deformation during tensile testing. 

Crystal deformation during tensile testing forms the basis of understanding 

surface roughening by grain rotation. This subject was extensively studied by 

Taylor14) and later by Bishop and HiII(15). 

2.2.1.1 Taylor analysis 

Taylor's analysis of crystal deformation is based on finding the slip systems in a 

crystal that geometrically produce a specified shape change with least 

expenditure of energy. In the Taylor model, it is assumed that all grains undergo 

the same shape change as the polycrystal. Although this model is true for grains 

which are completely surrounded by the neighboring grains, it does not give an 

account for surface grains. At the surface the compatibility requirement normal 

to the surface is relaxed and fewer slip systems need to operate(16). Therefore 

the tensile stress required to cause deformation will be lower at the surface than 

in the middle of the material. 

2.2.1.2 Bishop and Hill analysis. 

This analysis takes into account the stress state that could physically activate the 

required slip systems during crystal deformation. Firstly, all the possible stress 

states that could simultaneously activate five or more slip systems were 

identified. Secondly for a given shape change, an appropriate stress state was 

chosen. This helped to calculate the work per volume expended by that stress 

state in producing the shape change. However, the mathematical calculations of 

the stress state of Taylor and Bishop and Hill model models are equivalent(15. 16 
17) 
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2.2.2 Mechanism of surface roughening by grain rotation. 

The activation of crystallographic slip is constrained for grains in the interior of 

the sheet, due to maintenance of grain to grain compatibility. In contrast, grains 

lying on the surface of the sheet may exhibit different combinations of active 

crystallographic slip systems, as slip may proceed in a less constrained 

fashion(6). Thus, where it is generally accepted that the grains in the bulk of the 

material all undergo the same shape change during deformation, the grains at 

the surface undergo more variable shape change. When the load is applied, the 

slip system that is activated is the one that is experiencing the highest resolved 

shear stress (RSS). The RSS is dependent on the geometrical relationship 

between the tensile axis and the given slip system (Figure 2-1). which gives rise 

to the Schmid factor. The resolved shear stress is related to the Schmid factor 

by Equation 2-2: 

'tRSS = L/A (COS A,*COS <1» 

Equation 2-2 

where A is the angle between the slip direction and the axis of the applied load 

and ~ is the angle between the axis of the applied load and the normal to the slip 

plane, L is the applied load and A is the cross sectional area of the crystal. The 

Schmid factor is highest when ~ = A =45°, The slip system with the highest 

Schmid factor and hence the highest RSS will activate first and this will occur 

when the force reaches a level that results in the RSS exceeding the critical 

resolved shear stress (CRSS). Investigations have shown that differently 

orientated crystals of a given metal will begin to slip when different axial loads 

are applied, but the critical resolved shear stress is always the same. If the slip 

planes are either parallel or perpendicular to the direction of the applied load, slip 

cannot occur and the material deforms by either twinning or it fractures(18). 
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Slop di~ction 

/ 

J 
Figure 2-1: Representing the resolved shear stress on a slip system. 

2.2.3 Effect of texture on surface roughening 

Texture gives an idea as to how the grains are orientated relative to a reference 

axis defined by the specimen geometry, which in the case of rolled plate are 

particular crystallographic axes set at specific angles with respect to the surface 

and the edges of a specimenl36l. Texture due to a particular material processing 

operation can be studied eg deformation texture or recrystallisation texture 

Texture measurements can be either macrotexture or microtexture depending on 

the requirement In describing a macrotexture, the grains in a polycrystal are 

regarded as constituting a single statistical population without regard to the 

spatial location of any particular grain or its relation to its neighbors By contrast, 

a m'lcrotextural description involves determining the orientation of each grain of 

the popUlation and determining the nature and degree of its misor;entation with 

respect to its immediate neighbors This implies that the microtexture is more 

complete than the macrotexture and it already contains the information to 

describe the macrotexture, 
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The distribution of the preferred orientations OIl the surface of the material has a 

major Influence on the nature of surface roughening, Wittridge and Knutsen(~1 

suggested that texture clustering at the surface of the material could lead to the 

microstructure behaving in a composite manner (Figure 2-2) They explained 

roughening as initially due to grain anisotropy and the later development as 

strongly influenced by the grain incompatibility between the texture of the matrix 

and colonies which consist of clusters of grains with similar orientation They 

have shown thai different texture colonies respond differently to the applied 

strain. Therefore, strain ratio calculation in their warll indicated that the R 

{124}<211 >-component colonies (Figure 2-2) are more resistant to thinning in the 

normal direction during tensile straining and therefore result in small ridges. On 

the other hand. the cube orientation has an inherent instability due to its lower 

strain hardening capacity. This can result in exaggerated depressions, which link 

up to form the grooves. 

"IL ____ -'1 

--
Figure 2-2: Schematic representation of texture colonies in the matrix. 
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2.2.4 Relationship between strain localization and surface roughening 

Strain localisation and surface roughening are related material characteristics. 

Strain localisation influences roughening through the formation of bands of 

localised deformation. This band can enhance roughening by increasing the 

depth of the valleys and altering the surface strain distribution. Hence, factors 

such as the strain hardening , crystallographic texture and the distribution of 

inhomogeneities, which are known to affect strain localisation, can affect 

roughening. On the other hand, surface roughening can be the cause of strain 

localisation. This effect is well documented. and it is known that roughening 

provides the initiation site for strain localisation(12). This reduces the forming 

strain limits of the material. Yamaguchi and Mello~10) based their analysis of the 

effect of surface roughening on strain localisation on the theory of Marciniak and 

Kuczynski(19). This theory describes inhomogeneity in the thickness of the plate 

due to roughening as the initiation site for the groove formation. The groove 

brings about the instability in the strength of the material resulting in fracturing. 

Wittridge and Knutsen(5) used this analogy to explain the extensive surface 

ridging in aluminium during tensile straining. Topographic analysis of both 

surfaces of the deformed sheet showed strain localisation arising from groove 

formation (see Figure 2-2) 

2.2.4.1 M-K Theory. 

Marciniak and Kuczynski's theory is based on factors that influence the limiting 

value of the strain in the sheet metal under stretching. In this theory it is 

assumed that the initial inhomogeneity expressed by the local thickness ratio, 

develops into a groove that runs perpendicular to the principal stress axis. This 

groove is defined by the ratio of the minimum thickness (ta) of the sheet to the 

maximum thickness (lA). denoted by f = teltA (see Figure 2-3). As deformation 

proceeds, the groove deepens and eventually when plane strain conditions are 

reached in the groove deformation outside the groove ceases. This results in the 

strain being concentrated in the groove. Although this theory is based on the 
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geometrical inhomogeneity of the material, it is stated that the same results will 

be achieved even if the inhomogeneity of the sheet metal results from non

uniform distribution of impurities, varying texture, different size and orientation of 

grains. Other researchers have modified this theory to remove the arbitrary 

assumption of the thickness inhomogeneity and to include aspects of 

microstructure such as anisotropy, grain size, surface roughness and void 

growth(10). 

2. 

A 
_ ....... _ .......... 8 

c o 

Figure 2-3: Showing the minimum and the maximum sheet thickness 

around the groove. 

2.2.4.2 PMC model of surface roughness 

This is the model that was developed by Pamar, Mellor and Chakrabarty(20). It 

describes the principles of deformation rather than the quantitative results for 
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comparison with experiments. The model describes a system where material 

leaves the load carrying volume of the metal, as plastic deformation proceeds, to 

increase the volume constituting the surface asperities, which are assumed not 

to carry any of the load. Thus, although the total volume of the material within an 

element can be assumed to be constant for large plastic strains, the volume of 

the load carrying material is continually decreasing with increasing strain. This is 

the same analysis used in M-K theory. However, this model takes some account 

of the fact that the surface crystals in the sheet offer less resistance to the 

deformation than those in the interior, but it recognises that the quantitative 

measure of this effect has been chosen arbitrarily. 

2.2.5 Effect of deformation mode on roughening 

Deformation-induced roughening is a manifestation of the microscopic slip 

process on the surface and possibly the formation of shear bands as a result of 

deformation(21). In aluminium alloys, the ridging characteristic is observed to be 

more pronounced when the material is deformed parallel to the transverse 

direction than it is when deformed parallel to the rolling direction. Ridging 

features are normally perpendicular to the tensile axis. This behaviour is more 

noticeable in material with relatively large grains, typically greater than 60 j..!m(22). 

2.3 Industrial Processi ng of Metals 

Most metals are produced from their respective ore. Aluminium in particular is 

extracted from bauxite and processed through the Hall-Heroult process(23). 

Different elements can be added to the high purity aluminium to produce the 

desired alloy. The AA6XXX series alloys in particular have minor additions of 

silicon, (Si) and Magnesium, (Mg). Other elements are also added to the 

material to improve its propertiesl (section 2.1.1). 
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Once the desired alloying is achieved, the material is then cast into slabs of the 

desired thickness. Cast slabs are further processed by rolling, forging, or 

extrusion and collectively these processes are referred to as thermomechanical 

processing. 

2.3.1 Thermomechanical processing. 

This process involves the deformation of the cast slab at some temperature, 

strain and strain rate. Rolling can be done above or below the recrystallisation 

temperature of the material and is thus called hot or cold rolling respectively. 

The laboratory simulation of the rolling process is called plane strain 

compression (PSC). 

2.3.2 Rolling 

This is a continuous deformation process designed to produce sheets or plates of 

metals. Rolling can be classified according to the rolls in the mill stand or 

according to the arrangements of the stand in sequence. Rolling parameters 

such as strain, strain rate, interpass time and temperature are critical. These 

parameters strongly influence the amount of stored energy in the material, (24) and 

consequently the process of recovery and recrystallisation. 

During rolling, there is an inhomogeneous deformation of the material through its 

thickness. High degree of deformation at the surface results in the surface grains 

shearing more than the grains in the middle. This leads to a differential in stored 

energy in the material. Subsequently, this difference in the amount of stored 

energy results in the microstructure evolving differently through the thickness of 

the plate. Deformation temperature and strain rate can be incorporated into one 

parameter called the Zener-Holloman parameter (Equation 2-3): 
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Z = E exp (Q/RT) 

Equation 2-3 

where 8 is the strain rate, Q is the activation energy for deformation equal to 

156 KJ/mol, R is the Gas constant equal to 8.314 J.mor1.K-1 and T is the 

deformation temperature in Kelvin. 

2.3.2.1 Cold rolling. 

This is deformation of the material at temperatures below 0.6 of its melting 

temperature. The general properties of the cold deformed material are: bright 

clean surface, high hardness and strength, low toughness and ductility, grain 

structure consisting of elongated deformed grains and anisotropic mechanical 

properties, and good gauge tolerances. During cold rolling a high amount of 

deformation energy is stored in the material as a result of inability of the 

dislocations to move and to be annihilated(38). 

2.3.2.2 Hot rolling 

This is deformation of the material at the temperature above 0.6 of its melting 

temperature. The response of the material to hot rolling can involve processes 

like dynamic recrystallisation or dynamic recovery. However, this response is 

also dependent on the material properties such as the stacking fault energy. If 

dynamic recrystallisation occurs, all the stored energy in the material is used up, 

and subsequent annealing treatment might result in grain growth. When dynamic 

recovery occurs, a state is reached where the amount of dislocations generated 

is equal to the amount of dislocations involved in dynamic recovery. This is 

refered to as the steady state. Heavy reductions of the area of the metal is one 

of the big advantages of hot rolling. It also improves the properties of the cast 

metal by breaking up the cast structure and refining the grain size, giving better 

homogeneity and greater strength and toughness(25). 
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2.3.3 Plane strain compression 

The laboratory simulation of the rolling process is called plane strain 

compression (PSC). The plane strain compression technique was first 

suggested by Orowan(26) in 1943 but it was first successfully implemented by 

Ford(27) in 1948. The idea came about because of the demand for the 

determination of the yield stress characteristics for strip material in the cold 

rolling process(26, 27, 28). During the PSC test, the stored energy in the material 

increases up to a critical strain. This is indicated by the flattening of the stress -

strain curve. For aluminium this generally indicates the strain for the onset of 

steady state recovery. This energy can be described by the microstructural 

parameters such as the subgrain size, the misorientation between the 

neighboring subgrains and the internal dislocation density of the subgrains(29). 

Deformation of the material is considered plane strain when there is no 

deformation in one axis i.e. when the deformation is biaxial. The lateral 

spreading of the material during deformation is determined by the ratio of the 

metal width to platen breath (w/b) Figure 2-4. If this is greater than about 5:1 

then the material spread in the width (transverse) direction is negligible and this 

deformation is considered plane strain(25, 30, 33). The other ratio of platen breadth 

(b) to specimen thickness (h), (b/h), determines the strain distribution in the 

material. 

2.3.3.1 Strain distribution in p lane strain compression 

In the plane strain deformation process, strain localization is not dependent on 

material properties but is constrained to regions that follow the theoretical slip 

line field. This field depends on the geometry of the process. The slip line field 

changes as the instantaneous platen breadth to specimen height ratio (b/h) 

changes(31, 32, 33). Figure 2-5 illustrates this concept. At high strains, the number 

of crosses that indicate the slip line increases (i.e. b/h ratio increases) because of 

the specimen thinning. This subsequently results in more homogeneous 

deformation being realized. This slip line approach is for low friction approach. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Figure 2-4: Schematic diagram of the PSC test configuration 

b/h=l 

b/h=3 
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b/h=2 

b/h=4 

Figure 2-5:Slip line pattern for plane strain compression. 
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2.3.3.2 Equipment 

Plane strain compression testing allows the measure of the stress-strain 

behaviour of materials at elevated temperatures to be carried out under 

controlled strain and strain rate. Figure 2-6 shows the schematic diagram of the 

PSC rig built by Duckham(33) at the University of Cape Town. The force limit of 

this rig is 250 kN under perfect working conditions. This allows the stress limit of 

the equipment to be calculated as in Equation 2-4, which implies that the stress 

limit of the equipment is dependent on the dimensions of the specimen and the 

platens. 

Stress limit = 250 KN 
Contact area 

Equation 2-4 

The maximum strain rate of the equipment is determined by the cross head 

speed of the equipment and the gauge length (or initial thickness) of the 

specimen and is calculated according to Equation 2-5. 

Str 
. Cross head speed 

am rate = ------=---
Gauge length 

Equation 2-5 

The maximum cross head speed of this equipment is 100 m.s-1 

2.3.4 Effect of temperature during processing 

A good understanding of the heat transfer coefficient, (HTC). of the material is 

essential when studying the effect of temperature during plane strain 

compression tests. It has been reported that HTC has a great influence on the 

precise control of strip shape and mechanical properties(34). 
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Figure 2-6: Schematic diagram of plane strain compression (PSC) rig 
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Samareke(35) developed the concept and suggested that the HTC at the roll-work 

piece interface is dependent on the fractional area of the surfaces that are in 

direct contact with each other. This has helped to explain the observed 

dependence of the HTC in the roll gap on such parameters as the rolling speed, 

severity of reduction, and gauge and lubrication. During deformation, mechanical 

and physical properties of the material are altered due to the increase in 

dislocation density. Subsequent heating of the material to elevated temperature 

might partially restore these properties. This can occur through two processes 

namely recovery and recrystallisation. When these processes occur during hot 

rolling, they are called dynamic recovery and dynamiC recrystallisation 

respectively<36) . 

Figure 2-7 shows the effect of process time and temperature on the 

microstructure evolution of the material. The trend shows that little time is 
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required for the material to recrystallise and grain growth to occur when the 

process temperature is higher than the recrystallisation temperature. The trend 

also shows that temperature and time can result in the material recrystallising 

differently through the thickness of the material. However, uniformly dispersed 

equiaxed grains can be achieved when the material is processed at low 

temperatures. This is a typical microstructure obtained after cold rolling followed 

by annealing. 

! 
:::I .... 
1 
E Red'n 
~~---+------~~~~-----------------.- temperature 

Time 

Metal 
temperaturl 

Figure 2-7: The effect of process time and temperature on final grain size38
. 

2.3.4.1 Recovery 

This is a process during which dislocations rearrange themselves into low energy 

configurations in such a way that dislocation walls are formed. The dislocation 

walls give rise to the subgrain structure (Figure 2_8b)(38). The relative 

misorientation of the subgrains is defined as being less than 15° and more 

generally in the region of 1° to 10°, In order for subgrains to form, the 

dislocations generated during plastic deformation must be able to cross-slip into 

the appropriate position to form the dislocation wall. This requires thermal 

energy for diffusion, and in addition, dislocations will only cross-slip if they exist 

as single dislocations. Two partial dislocations that give rise to a single Burger's 
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vector cannot cross-lip unless they are able to re-combine to form a single 

dislocation. The separation of the dislocations is controlled by the stacking fault 

energy of the material. The greater the separation between the partial 

dislocations, the less likely that they are to recombine and therefore recovery is 

less feasible. Aluminium generally has high stacking fault energy (SFE) and 

cross-slip is relatively easy. Recovery lowers the amount of stored energy in the 

material and consequently the processes of recrystallisation. 

2.3.4.2 Recrystamsation 

During recrystallisation, new grains form in the deformed microstructure (Figure 

2-8a) and grow in order to reduce the stored energy manifest by the high 

dislocation density. The relative misorientation of the recrystallised grains is 

defined as greater than 15°, For the new grains to form, nucleation followed by 

grain growth is required. Grain nucleation starts from small regions such as the 

recovered subgrains (Figure 2-8c), the transition bands at the edge of the 

deformation band(36, 38) and the second phase particles in the material(3, 39, 37). 

The deformed microstructure is consumed, resulting in a new grain structure with 

low dislocation density (Figure 2-8d). Since the new grain will consume the 

deformed grain into which it grows, the orientation of the new grain will be 

different from the old deformed grain. Recrystallised grain size and shape 

influences the mechanical and physical properties of the material. 

2.3.4.3 Grain Growth. 

Grain growth involves the migration of the high angled (>15°C) grain boundaries. 

Its driving force is a reduction in the energy stored in the form of grain 

boundaries. The technological importance of grain growth stems from the 

dependence of properties, and in particular the mechanical and the surface 

behaviour, on the grain size. Grain growth may be divided into two types, normal 

grain growth and abnormal grain growth or secondary recrystallisation (see 

Figure 2-8 e and f). Factors affecting grain growth are temperature, solutes and 

particles, specimen size and texture(38). 
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2.3.5 Particle stimulated nucleation 

Particles in the material can act as nucleation sites for recrystallisation. Shape, 

size and distribution of particles playa profound role in determining the type of 

microstructure that can evolve. A recent study by Lillywhite et aP9 showed that 

the initial precipitate condition can also influence recrystallisation kinetics and 

grain shape. This study looked closely at the effect that the particles that are 

formed at different stages of ageing treatment had on the nucleation of 

recrystallisation and also on grain growth pinning. It was found that 

recrystallisation was most rapid for a coarse distribution of large p particles 

produced by slow cooling from solution treatment temperature, due to the high 

density of viable particle nucleation sites and a subsequent minimal Zener 

pinning of the migrating grain boundaries. In the solution treated and preaged 

material, recrystallisation was dominated by the pinning effect of the fine second 

phase particles. New grains were prevented from nucleating at other 

heterogeneities within the deformed structure due to the high particle density 

within the microstructure. 

2.3.6 Zener Pinning 

This is the process in which the particles influence the processes of recovery, 

recrystallisation and grain growth. The shape size and distribution of particles in 

the material determines how these processes are going to be affected. 

Coherency of the particles determines the effectiveness of the particles to pin the 

grain boundary. Coherent particles are more effective than the incoherent 

particles as more energy would be required for the grain boundary to pass 

through the particles38
• 
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Figure 2-8 Showing a schematic diagram of the main annealing processes 

(a) Deformed state, (b) Recovered, (c) Partially recrystallized, (e) Grain 

growth (f) Abnormal grain growth. 

2.4 Use of the Electron Back Scattered Diffraction (EBSD) 

Technique in metallography 

Electroll back scattered diffraction was mainly used used to investigate the 

relationship between texture and microstructure. Recellt developments of the 

EBSD is towards using it to quantitatively characterise the microstructure of 

materials'4o 41. 43: The technique is based on the use of the ditfractioll pattern 

from the bulk maten"al in the scanning electron microscope. ·n Humphreys' ' 

suggested that whell using EBSD for qualltitative microstructure analysis, the 

following parameters are important: speed of data acquisition and the spatial and 

angular resolu tions. Data acquisition can be achieved by acquiring the diffraction 

pattem as the beam is moved over the stationary sample or as the stage is 
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moved with the stationary beam. This is termed beam scanning or stage 

scanning respectively. As the electrons strike the specimen. they are elastically 

scattered. Electrons that satisfy Bragg's diffraction condition (Equation 2-6) for a 

particular plane are channeled differently to the other electrons, thus producing a 

change in intensity. This results in the Kikuchi bands being realized. 

nA = 2dhkl Sin SB 

Equation 2-6 

Where n is n integer and it defines the diffraction order. 

A is the wavelength of the incident radiation 

dhkl is the interplanar spacing for the hkl plane 

88 is the Bragg angle 

EBSD is able to index the intersection of the Kikuchi bands (zones) and then 

work out the orientation of the crystal relative to the specimen. Grain or 

subgrain boundaries are measured by measuring the misorientation between the 

adjacent pOints(42). A grain boundary with a misorientation greater than 15° is 

normally referred to as a high angle grain boundary while that with a 

misorientation less than 15° is referred to as low angle grain boundary. This is 

useful in differentiating between the recrystallised grains and the subgrains. 

2.4.1 Grain size determination using EBSD 

Two methods, namely Mean Linear Intercept method, MU, and Equivalent Circle 

Diameter (ECD) method are used to determine the grain size using the electron 

back scattered diffraction technique. Firstly. the MU uses the statistical routines 

and the choice of the spacing of the scan lines is very important. In this case the 

grain size in the x direction and the y-direction of the map is calculated and the 
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overall mean linear intercept may be obtained. Equation 2-7 is used to calculate 

the mean linear grain size in the X and the Y directions. 

Equation 2-7 

Where Rx::: number of rows scanned in the X direction 

Nx ::: number of boundaries intercepted 

Px ::: number of pixels in the x direction 

PD ::: Scan step distance between pixels 

This equally well applies to the Y direction. A minimum number of -200 grains is 

required for the determination of grain size and -10 data points across a grain 

are required to define the grain size with sufficient accuracy. 

On the other hand the determination of the grain size by the ECD method 

requires grain reconstruction. This method identifies regions of similar 

orientation within the map. These regions can either be grains or subgrains. For 

each of these grains or subgrains, the total number of pixels within the grain give 

the grain area and hence the mean grain area can be calculated. 

Humphreys43 did a comparative study of the microstructure characterisation 

using optical imaging, SEM imaging and EBSD. It was found that the results are 

rather similar. Results obtained using the above mentioned methods are 

presented in Table 2-1. The difference in the grain size is due to the fact that all 

visible grains are measured when an imaging method is used. In the case of the 

SEM back scattered image, both high and low angle grain boundaries are 

revealed resulting in a grain size smaller than the optical microscopy which 

reveals only high angled grain boundaries. 
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2.4.2 Comparison of ESSD with other conventional metalographic analysis 

methods 

Apart from being fast, EBSD provides more information about the material than 

can possibly be obtained using optical or conventional electron microscopy. For 

instance, the information about the misorientation between the grain boundaries 

is not possible with the optical microscopy. Material parameters such as the 

Taylor factor can easily be determined using the EBSD. Accurate information on 

grain size distribution and other parameters related to the microstructure of the 

material can be obtained using EBSD. 

Sample Optical SEM EBSD 
imaging imaging 

HAGS 

AA5182 2S.1/Lm 24.8pm 22.8pm 
Weak: 
texture 
(5g.2) 

AA5182 48.5/Lm 30.91Lffi 52pm 
Strong 
texture 
(5g.4) 

HAGS::: High angle grain boundary 

LAGS::: Low angle grain boundary 

HAGS 
+ 

LAGS 

21.4pm 

29.7/Lm 

Mean % LAGS 
Misorientation 

40.3 0 3% 

22.8° 43.3% 

Table 2·1: Showing comparison of linear intercept grain size measured on 

aluminium sample by various techniques 
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Chapter 3 

3 Experimental Methods 

3.1 Material 

3.1.1 Chemical composition 

The alloy studied in this work is AA6061 This is an AI~Mg·Si alloy with the 

chemical composition as outlined in Table 3-1 In addition to the main alloying 

elements I.e. magnesium (Mg) and silicon (Si). there are also significant amounts 

of Iron, (Fe), and copper, (Cu), present in the alloy_ These elements impart 

special properties to the material such as precipitate formation during ageing and 

grain refinement during recrystallisation 

Ii 5, I F, 

LL 06 0.25 

UL 08 0.35 

C, 8, 
--

-

0.003 0,004 

LL Lower Ilmil 

UL = Upper limit 

Cu I Mn Mg C, Ze T, 

03 0.88 0.16 
, 04 , 0.14 1.12 0.24 0.22 01 

AI 

Balance 

Table 3-1 Chemical composition of AA6061 

N, 

-

0.004 
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3.1.2 History 

The material was supplied by Hulett Aluminium, Pietermaritzburg, South Africa, 

in the form of finished plates and transfer gauges from the hot roughing mill. 

Production of finished plates is done through thermomechanical processing of 

the cast slab via a two stage process, namely the initial rolling stage on a hot 

roughing mill (HRM) and final rolling on a hot finishing mill (HFM). After the 

rolling process, plates are levelled by tensile stretching and it is during this 

process that roughening of the plates can be observed. Final plate products of 

thickness 6 mm, 9 mm and 12 mm which exhibited "orange peel effect" type of 

roughening were supplied for this study. Another 12 mm thick plate that did not 

display roughening was also supplied for a comparison study. 

This study concentrated mainly on the two 12 mm thick plates herein referred to 

as heat 155 (no roughening) and heat 156 (severe roughening). Heat 155 and 

156 were supplied as transfer gauge and as final plate. 

3.1.3 Summary of the industrial thermomechanical processing 

Thermomechanical processing of this material can be summarised as follows: 

The cast slabs were preheated in the holding furnace at 525°C for four hours 

prior to hot rolling on the hot roughing mill (HRM). In the HRM cast slabs were 

rolled down from a thickness of between 615 mm and 618 mm, to a thickness of 

between 18 mm and 24 mm in a reversing fashion. This was done over 25 to 27 

rolling passes. The HRM thermomechanical processing schedules for the four 

products are provided in appendix A. After the HRM stage is completed, the 

gauge is transferred to the hot finishing mill (HFM) where it was reduced to the 

specification-required thickness (i.e. 6 mm, 9 mm and 12 mm). Rolled plates 

were coiled on either side of the HFM rolls during processing. Final products 

were allowed to stand and cool to room temperature prior to post deformation 
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processing. The HFM thermo mechanical processing schedules for all the 

products are also provided In appendix A Figure 3-1 shows the summary 

diagram of the thermomechanical processing of the material. 

Homogenisatlon 
Heat treatment 
525°C -4 Hr 

HRM 
In:615mm-618mm 
Out:18 mm-25 mm 

Transfer 

HFM 
In 18mm-25mm 
Out Specification 

COiling 

Figure 3-1: Schematic diagram of the thermo mechanical processing 

3.1.4 Post-thermomechanical processing 

Following rolling, the continuous strip was cut into plates of 3.9 m x 13m. These 

plates were solution heat treated at 560°C for 18 minutes and spray quenched to 

room temperature. This was done in order to keep the solute In solution and also 

allow the microstructure to recrystallise. Individual plates were then levelled in 

tension (stretcher - levellirg) prior to ageing treatment Ageing was done at 

175°C for 10 hrs. It was during stretcher-levelling that it was observed that the 

material experiences surface roughening 
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3.1.5 Microstructure characterisation of the as received plate stocks 

As described in section 2.2, surface roughening is known to be mainly due to the 

rotation of the surface grains during processing of the material during operations 

such as stretching and forming. The size of the grains is the determining factor 

for the amount strain that can be applied to the material before the material can 

experience visible surface roughening or "orange peel" effect. Therefore, to 

ensure a thorough investigation of surface roughening, it is essential that full 

microstructural characterisation be included in the investigation. Metaliographic 

studies were done on the longitudinal plane; this is the plane containing the 

normal and rolling directions abbreviated NO and RO respectively. This is shown 

schematically in Figure 3-2. 

NO 

L 1--( _----", 

RO 

Figure 3-2: Schematic plane of view chosen for metallographic studies 

3.1.5.1 Specimen preparation 

Specimens were hot mounted in resin for grinding and polishing. An automatic 

polisher, Struers Rotopol-22 fitted with Struers RotoForce-4, was used to grind 

and polish the specimens. Both method A and method X from the Struers 

Metalog handbook44 gave satisfactory results. Following polishing, specimens 

were anodised using Barker'S reagent with the composition: 46 ml HBF4, 7 g 

H3B03 and 970 ml H20. The specimens were anodised for 1.5 minutes at room 

temperature and an applied voltage of 20 volts dc. 

Specimens with an average grain size greater than 500 ~m could not be 

characterised after anodising. These specimens were macro-etched using 
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Keller's etchant with the composition: 100 ml HN03. 50 ml HCL and 1.5 ml HF at 

room temperature. 

[N.B. Chemicals used for anodising and macro-etching are harmful. 

Therefore correct safety clothing should be warn. These processes should 

strictly be done in the fume cupboard.] 

3.1.5.2 Microscopy 

The metallographic studies were performed using a Reichert MeF3A polarised 

light microscope. The anodic layer deposited on the surface of the specimen is 

anisotropic due to different grain orientations at the surface of the specimen. 

This allowed grain contrast to be viewed when illuminating with polarised light. 

Specimens that were macro-etched were studied using a Nikon SMZ- 01 stereo 

microscope in conventional bright-field mode. 

3.1.5.3 Grain size measurement 

Although in some situations grain size was measured using the electron back 

scattered diffraction technique (see section 3.5.1.3.1), the grain size of the as

received plates was determined by light microscopy. Grain sizes of the 

specimens were measured using the linear intercept method. 

Equation 3·1 

Where P is the number of grains intercepted. LT is the length of the line and M is 

the magnification. Pl is the number of intersections per unit length. The mean 

lineal intercept is given by the following relationship 

- 1 
L=

PL 

Equation 3-2 
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3.2 Surface Roughenin 9 

3.2.1 Specimens 

During processing. it was observed that the plates exhibit some degree of 

surface rougnening. Therefore there is a need to quantitatively characterise the 

roughening behavior of the these products during controlled tensile straining. In 

order to do this, two types of tensile specimens were machined. The first one 

was parallel to the rolling direction and the other one was perpendicular to the 

rolling direction. The purpose of machining them in this way is to study the effect 

that the grain orientation relati ve to the tensile axis has on the roughening 

behaviour. In addition, the effect that the grain sizes has on roughening can also 

be considered. Normally in the industry. plates are stretched parallel to the 

rolling direction after thermomechanical processing Dimensions of the tensile 

specimens were: Gauge length = 50 mm 

Thickness = 5 mm 

Width = 12.5 mm 

Specimens were machined such that one surface of the original plate was 

conserved This was done in order to study the material as close to the surface 

as possible. All surface topographic measurrements were performed on the 

tensile specimen surface corresponding to the original plate surface 

3.2.2 Specimen preparation 

Tensile specimens mentioned in section 3.2 were mechanically polished to a 

mirror finish using 3 ,lm; 1 ,lm and 0.25 ,lm diamond paste. This is done in order 

to reduce the initial roughness of the material as much as possible as this is 

known to hav~ a significant influence on roughening. 
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3.2.3 Testing 

Table 3-2 shows the percentage strain applied to the specimens in order to 

induce the roughening 

Specimens Strain Percentage 

6 mm thick 4 

8 

9 mm thick 4 

8 

12 mm thick 
I 

13 

I 20 

Table 3-2: Strain percentages for inducing the surface roughness. 

Specimens machined from 12 mm thick plate were strained to high percentages 

as no rOlIghening was observed at strains of 4 % and 8 %. However, specimens 

from 6 mm and 9 mm thick plates could not be strained beyond 8 % because 

they started to neck beyond this strain level Necking results in a non-uniform 

distribution of strain through the specimenll9
) 

3.2.4 Roughness measurements 

Roughness measurements of the 9 mm thick and the 12 mm thick plate samples 

were done using a Taylor-Hobson surtronic 3p stylus with a radius of 5 ~lm The 

roughness of the 6 mm thick plate samples was measured using a Mohr 

perthometer (Figure 3-3) at the National institute of Standards and Technology, 

(NIST), (USA). The latter instrument is capable of scanning an area of 7 mm x 4 

mm acquiring about 80000 data points_ This data was refined using a computer 

program called Sulier in order to plot the 3-D map of the topography of Ihe 

roughened specimens. 
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A - specimen 

B - Stylus 

c: - Stage 

Figure 3-3: Photograph of the Mohr perthometer set-up at NIST. 

34 

3.3 Investigation of the amount of stored energy In the transfer 

gauges 

3.3.1 Microstructure 

Transfer gauges of heat 155 and heat 156 were annealed in the furnace at 

560"C for ten minutes. Annealing was carried out in order to distinguish between 

the recrystallised grain size of the transfer gauges Generally. fine grain size 

suggests high amount of stored energy while coarse grain size suggests less 

amount of stored energy in the deformed condition Specimen preparation for 

metallographic studies was done as described in section 3 1,5,1, 
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3.3.2 Hardness 

Microhardness measurements were performed on the as-received 

transfergauges in order to determine the level of residual work hardening. High 

hardness values would suggest high level of work hardening and hence high 

amount of stored energy, and conversely low values suggest low level of work 

hardening and therefore less amount of stored energy. 

Microhardness measurements were performed using a Matsuzawa MXT-CX7 

digital microhardness tester. A load of 1 OOOgf was used. 

3.4 Investigation of the Thermomechanical Processing by Plane 

Strain Compression (PSC) 

Thermomechanical processing is known to be critical in determining the 

microstructure evolution of the material. In order to understand this effect, the 

plane strain compression technique was used. This technique simulates the 

rolling process in the production of material. The great advantage of the 

technique is that deformation parameters such as temperature, strain and strain 

rate can be carefully controlled. 

3.4.1 PSC rig 

The plane strain compression rig designed and built by Duckham33 as part of his 

PhD work was used. The apparatus consists of two platens attached to the 

electro-servo- hydraulic (ESH) universal testing machine. The bottom platen is 

fixed to the base of the ESH testing machine by means of a secure base plate, 

while the top platen is attached to the movable piston of the ESH machine. 

Movement of the entire assembly is guided by four locating bars attached to the 

base plate in order to limit the lateral movement. 
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The ESH machine is capable of producing an output load of 250 kN and a cross

head speed of 100 mm.s-1. The cross-head speed of the instrument and the 

thickness of the material determine the maximum strain rate that can be 

achieved. An example is that a specimen with an initial thickness of 10 mm can 

be deformed with a maximum strain rate of 10 S-1. The machine is capable of 

large specimen reduction of about 90 % of the specimen, but of course it is 

ultimately limited by the load capacity of the ESH. It was found in this study that 

the instrument was unable to deform the fully age hardened AA6061 at room 

temperature. This is because of the combined effect of the limited load output of 

the instrument and the high hardness of the material acquired during ageing. 

3.4.1.1 Heating 

For elevated temperature tests, specimens were heated using direct electrical 

resistance heating. High current from the transformer is passed through the 

specimen that is in contact with the platens and it is heated up due to its current 

resistance. This method has the advantage of heating a specimen to a required 

temperature accurately and fairly rapidly. For aluminium, temperatures of up to 

500°C could be reached. This heating mechanism also has the advantage of the 

accessibility of the specimen after deformation. This enables rapid quenching of 

the specimen. The deformation temperature was monitored by the thermocouple 

inserted in the hole drilled on the side of the non-contact area of the specimen. 

3.4.2 Specimen preparation 

The plane strain compression tests were carried out on the transfer gauges of 

Heat 155 and 156. This was done in order to determine if the condition of the 

transfer gauge has an influence on microstructure evolution during subsequent 

process stages, and to determine the influence of the of the HFM process 

condition (Le. Zener-Holloman parameter and strain) on microstructure evolution. 

Specimens for plane strain compression were machined from the mid section of 

the bulk material. Orientation relative to the plate geometry was such that the 
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simulated rolling direction was parallel to the original rolling direction of the plate 

(Figure 3-4). Specimens dimensions were 52 mm x 33 mm x 10 mm. These 

dimensions were determined by the dimensions of the platens used and in 

particular the breadth (b) of the platens. The larger the ratio of platen breadth to 

specimen thickness (h), b/h, the more uniform the deformation is found to be. A 

value of b/h greater than 1 is essential, while a value of 1.25 or higher is 

recommended. However, the value of b/h is limited by the necessity of limiting 

lateral spread of the specimen. 

In this regard another ratio, that of specimen width (w) to platen breadth (b) - w/b 

is vital. A value of w/b of at least 4 is required to limit lateral spread. So, a larger 

value of b requires a larger value of w. A limit is reached when the contact area 

of platens and specimen limits the stress that can be achieved. Platen 

dimensions used in this study were 85 mm x 13 mm. Considering these platen 

dimensions and the specimen dimensions mentioned above, a value of b/h ::: 1.3 

is obtained. This also results in w/b being equal to 4. 

A hole was drilled at the mid-thickness and mid-width of the non-contact face of 

the specimen for thermocouple insertion. The depth of the hole was 

approximately equal to the overhang dimension, 10mm, of the specimen 

compared to platen breadth. Both contact sides of the specimen were ground to 

a consistent finish using 1000 grit SiC grinding paper. This was to ensure that 

the contact areas were smooth so that the material does not stick to the platens 

during material flow, causing non-uniform deformation. A graphite layer was 

applied by means of a soft pencil to the contact areas of the specimen. This was 

followed by spraying with oil based graphite suspension. H. Shi et.al.45 reported 

that this lubrication method reduces the effect of friction between the specimen 

and the platens. 
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Figure 3-4: Schematic diagram of the PSC specimen orientation relative to 

the hot rolled plate geometry.33 

3.4.3 Platen Preparation 

Both platen contact surfaces were ground to a consistent finish using 1000 grit 

SiC grinding paper. Considerable care was taken not to round the edges of the 

platens. It is important to ensure that the platens are clean after each and every 

test. Graphite debris on the edges of platens were found to be the cause of 

arcing during compression testing as a consequence of the applied current (see 

section 3.4.1.1). This is undesirable because it damages the contact surface of 

the platens. When this happened, regrinding of the platens was required before 

further testing. 
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3.4.4 Test Procedure 

Testing was done through a computer program that prompts the USef to enter 11'18 

d"formalion test parameters. F~lolVing deformation, the platens would separate 

enabling manual quenching of the specimen if required Delay time of less than 

two seconds can be achieved. Figure 3 5 shows a schematic diagram tJ the 

deformed PSG specimen4ll PSG deformation parameters used in this study are 

oullined in Table 3-3. These conditions were chosen in a-der 10 .:u:t1leYe th8 

same Z values as in the HFM process scheOJle 

T emperature("C) Strain Strain r ate (s"f 1 Z (5' ) 
-_. -

270 05 • 1.0 1 o '0' 
-- OS " 310 1 o 101~-1 

--
355 05 1,0 1 o -- 10'4 

-- - ---

Z= Zener Hollman Parameter 

Table 3-3: Showing the PSC deformation parClmetel'$ 

For each compresslOCl lest, the load, displacement and temperature data wer., 

collected, processed and stored Temperature data was collected In voltage 

form before oong coollerted to degroos Calcius. Load and risplacament data 

were also collected In voltage form before being cO/lverted into kN and mm 

respectively. Load data was converted Inl0 true stress data according to 

EquallQl"l 3-3 

1 load 
0= ---

1.155'area 

Equation 3-3 

Displacement data was !Xlnverted to l\rl.Ie strain data aCCO""ding to EquatiQl"l 3-4 
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h 
E = 1.1151n h 

Equation 3-4 

Where ho is the initial thickness and h is the current thickness. 
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Figure 3-5: Showing the schematic diagram of the PSC specimen before 

and after deformation 

3.4.5 Annealing treatment 

After deformation by PSC, the deformed area of each specimen was cut out and 

annealed in the furnace at 560°C for ten minutes and water quenched. 

Quenching was done in order to freeze the microstructure state of the material 

after annealing. This treatment was carried out to produce a fully recrystallised 
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microstructure, but yet to minimise grain growth. This annealing practice is 

consistent with the solution treatment practice that is performed commercially. 

3.5 Metallographic Stu dies of the PSC Specimens 

3.5.1 Electron back scattered diffraction (EBSD) 

EBSD was used as the metallographic tool to quantitatively characterise the 

microstructure of the recrystallised PSC specimens. The equipment consists of 

an HKL Technology electron back scattered diffraction system attached to the 

Cambridge S200 scanning electron microscope. A basic schematic diagram of 

the system is presented in Figure 3-6. The data was processed using version 4 

of the Channel software. Additional processing was also carried out using 

custom written software known as VMAP47. 

3.5.1.1 Specimen preparation 

Specimens were mechanically polished as described in section 3.1.5.1. The 

mechanically deformed surfaces of the specimens were removed by electro

polishing. A solution of 7:3 methanol to nitric acid chilled to -30°C was used. 

Electro-polishing conditions were -30°C at 12 volts for 30 seconds. Electro

polishing is critical because it removes the deformed layer which will otherwise 

spoil the pattern quality. 

3.5.1.2 EBSD analysis 

An area of 2 mm x 2 mm at the mid-thickness of the PSC specimen was 

analysed. The operating conditions of the scanning electron microscope were 

set at an accelerating voltage of 25 kV and a specimen working distance of 23 

mm. A grid step size of 1 0 ~m was used and this gave 200 grid nodes in both 

the X and the Y direction. Because the step size is so large, the stage-scanning 

mode was used. This gave enough resolution since the studied grains are 

relatively large. However, a smaller step size would be required when analysing 
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the material with fine microstructure or one that has not fully recrystallised. 

Careful choice of area to be analysed in the deformed PSC specimens is critical. 

This is as a result of the inhomogeneity of deformatioo during PSC testing. A 

high degree of deformation occurs along the slip-line field and also at the 

crossing point of the slip-line fields This difference in the degree of deformation 

influences the degree of recrystallisation in the material. The grey area in Figure 

3-7 represents the area that experienced more or less homogerleous 

deformation, Every effort was made to arlalyse this particular area so that results 

could be reliably compared between specimens 

EBSP Detector System SEM 

Figure 3-6: Schematic diagram of the experimental set-up for EBSD 

3.5.1.3 Microstructure characterisation using EBSD 

Microstructure characterisation was done using the VMAP software"'. All the 

gra'irlS with grairl boundary misorierltations greater than 15" were regarded as 

high angle grain boundaries (HAGB) arld any other grain boundaries were 
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considered low angle grain boundaries (LAGB) This distinction was made In 

order to differentiate between recovered and the fully recrystallised grains 

3.5.1.3.1 Grain size measurement 

As described in section 2.4.1 there are two methods available for grain size 

measurements using the EBSD Firstly. the mean linear intorcept (MLI) method 

and secondly the equivalent circle diameter (ECD) method. Tho former uses a 

simple statistics routine. while the latter method uses grain reconstruction where 

the grain size is calculated from the total number of pixels within the grain. A 

data point is identified and all the adjacent data points belonging to it are found. 

Figure 3-7: Schematic diagram of the PSC specimen showing the analyzed 

area relative to the slip lines field. 

For grain boundary reconstruction the misorientation of the 8 data points 

surrounding the reference point are examined and if they are less than the high 

angle grain boundary sotting than thoy are deemed to belong to the grainiH) 

This method has the advantage that the grain is now completely defined and its 
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area and shape are precisely known. Grain size measurement in this study was 

done usmg the ECO method However. there was no significant difference 

ObS8rJeG between the grain size measured using the MLI or EGO method. The 

software is capable of calculating lhe standard deviation and the standard error 

of the mean for the grain size and this data is presented In the results secUon 

along with the map of the microstructure. 
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Chapter 4 

4 Results. 

4.1 Investigation of the Cause of Surface Roughening 

4.1.1 Microstructure of Fillal Products 

Figure 4-1 to Figure 4-4 show the microstructure of 6mm, 9mm and two 

12mm thick final plates of AA6061 respectively. These micrographs were 

taken in the longi tudinal plane representing the normal direction and the 

rolling direction. It is observed that the grains are flat and elongated in the 

rolling direction. However. there is also a variation in the grain size through 

the thickness of the material. This difference in the microstructure through the 

thickness indicates that there is a difference in the degree of deformation 

through the thickness of the malerial lila! arises during the rolling process 

The microstructure of the 6 mm thick plate exhibits small grains at the surface 

followed by flat and elongated grains in the centre. 

ND 

• 
_--. .. RD 

Surface 

Centre 

Surface 

Figure 4-1: Microstructure ofthe as received 6 mm thick plate. 
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Figure 4-2: Microstructure of the as·received 9mm thick plate 
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The microstructure of 9 mm thick plate (Figure 4-2) exhibits flat and elongated 

grains, These type of grains were distributred through out the thickness of the 

material. This is different from the 6 mm thick plate that showed a variation in 

the grain shape and size through the plate thickness 

Surface 

Centre 

'mm 

Figure 4-3: Microstructure of the as received 12mm thick ptate (Heat 

156) 

Heat 156 exhibited a microstructure that has a gradient of decreasing grain 

size towards the center of the plate (Figure 4-3) Grains at the surface are 

thick and elongated while the grains towards the center are thin and 

elongated, On the other hand, Heat 155 exhibited a finer microstructure 

(Figure 4-4) than Heat 156 There is no variation in the grain size through the 

thickness of the plate but some directionality is observed with grams 

elongated in the rolling direction Elongation of the grains in the rolling 

direction is a common feature observed in the microstructu-e of all the plates 

studied. 
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Figure 44: Microstructure of as-received 12mm thick plate (Heat 155) 

Table 4-1 shows the grain sizes of the finished plate stock_ Since the grains 

are flat and elongated, the grain size is calCUlated in both the rolling and the 

normal direction. The aspect ratio of the grains was also calculated 

PI, Ie thickness (mm) Grain size Aspect 
-

RD ND Ratio 
---- ----

6 072 mm 0.2 mm 36 

(Surface) (Surface) 
-- -----

9 2Amm 0.2 mm 12 

12 (Heat 155) o 20mm , 0.05 mm 4 

12 (Heat 156) 0_82 mm 

L 0.21 mm :J (Surface) (Surface) 
-- -- --- ----

Table 4-1: Table showing the grain size in the normal and rolling 

direction of the as-received plates. 
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4.2 Surface Roughness of the Final Prod ucts 

Three of the plates. namely the 6 mm, 9 mm, and one of the 12 mm thick 

plates (Heat 156) exhibited some degree of roughening during the stretcher 

leveling process at the plant However, the other 12 mm thick plate (heat 

155), which did not roughen during stretcher-leveling. was used for 

comparison purpose 

4.2.1 6 mm thick plate 

The effect of the intial roughness of the material was reduced by polishing the 

specimens to a mirror finish Figure 4-6 and Figure 4-7 show the 3-D 

topographic map of the material strained to 4% and 8% respectively The 

undulations are approx.imately 0.23 mm in size, which more or less matches 

the average surface grain size of 0.1 9 mm. This observation implies that 

roughnening is OIl the scale of a grain size 

In order to study the effect of the grain size on the roughness of the 6 mm 

thick plate, the as-received material was annealed at 560°C for an hour. The 

purpose of this was to induce grain growth on the already recrystallised 

material. Figure 4-5 shaws the microstructure of the re-solution treated 

speCimen An increase in surface grain size can be observed. Table 4-2 

shows the results of the roughness measurements as obtained from the Mohr 

perthometer scans. The arithmetic mean deviation of the roughness, Ro, as a 

function of strain is plotted in Figure 4-8 As ex.pected, the roughness is 

obseNed to be increasing with an increase in strain However it is also 

obseNed that the roughness of the re-solution treated specimens is greater 

than that of the as-received material for the equivalent amount of strain 
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Surface 

Centre 

Surface 

'mm 

Figure 4·5 The microstructure of the re-solution heat treated 6mm thick 

plate exhibiting an increase in grain size of the material. 

Figure 4-6: 3-D map of surface topography of as-received 6mm thick 

plate strained to 4 %. 
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Figure 4·7: 3·0 map of the surface topography of a 6mm thick plate 

strained to 8 %. 

Specimen Strain Percentage ~ (11m) 

(TA I RD) 
-

Polished as received 0 0.056 

As received 4 1.12 
. -_. 

Re solution heat 4 1.64 

treated 
- -

As received 8 2.47 

Re·solution heat 8 2.68 

treated 

51 

Table 4·2: Roughness results as obtained from the Mohr Perthometer 

for a 6 mm thick plate. 
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Figure 4-8: The graph of R. vs Percentage strain for 6mm thick plate. 

4.2.2 9 mm thi(;k plate 

52 

Figure 4-9 shows the roughness features of the as-receceived specimens 

after uniaxial tensile deformation It can be observed that the extent of 

roughening increases with an increase in strain percentage The roughness 

is similar to the one observed in the 6 mm thick plate. Although the 

topographic map could not be generated, it can be observed that the 

roughness in the 9 mm thick plate is also on the scale of a grain size. Surface 

roughness measurements are presented in Table 4-3. These measurements 

were obtained when the principal tensile axis was perpencjijcular to the rolling 

direction and also when it was parallel to it The extent of roughening is 

greater when the principal tensile axis (TA) is perpendicular to the rolling 

direction (RO) than when the principal tensile axis is parallel to the rolling 

direction This difference in the extent of roughening is more pronounced 

when the material is strained to 8 % 
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8% 

4% 

i' l 

i b) 

Figure 4-9: Photograph of the topographic foatures of a roughened 9 

mm thick plate specimen strained to 4 % and 8 % (a) Tensile axis is 

parallel to tha Rolling direction (b) Tensile axis is perpendicular to the 

rolling direction 

8% 

4% 
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Strain Percentage Roughness (R.)(J.lm) 
~ . 

TA _L RD TA II RD 
~ 

I 
4% 1 44 1 41 
--_._--
8% 5.81 2.71 

Table 4-3; Roughness measurements of a 9 mm thick plate specimens. 

4.2.3 12 mm thick plates 

Figure 4-10 shows the topographic features of the as-received heats 155 

and156 deformed in tension to a strain of 20 %, when the principal tensile axis 

(TA) is perpendiClllar to the rolling direction (RD = long dimension of the 

grains)_ It can be observed that the extent of roughening is greater in heat 

156 than it is in heat 155, Figure 4-11 also shows the topographic features of 

the as-received heats 155 and 156 strained to a total strain of 20 % but in this 

case the principal tensile axis is parallel to the rolling direction. The extent of 

roughening is also observed to be greater in heat 156 than it is in heat 155_ 

The severity of roughening is observed to be greater when the principal 

tensile axis is perpendicular to the long dimension of the grains than when it is 

parallel to the long dimension. This difference in the severity of roughening is 

more pronounced in heat 156_ Heat 155 does not show a great difference in 

the roughness 'Nhen the principal tensile axis is perperdlcular and parallel to 

the RD. This insignificant difference is observed at both the 13% and the 20 

% strains_ Table 4-4 shows the roughness values of the specimens of heats 

155 and 156. 

The surface roughness results of as received specimens strained in tension; 

where the principal stress axis is perpendicular to the rolling direction, are 

summarised in Figure 4-12 Roughness is plotted as a function of strain 

percentage. It can be observed that the as-received 9 mm thick plate 

exhibited a higher degree of roughening than the as-received 6 mm thick plate 

when strained to the same stram percentage_ Similarly, as-received heat 155 
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exhibited a lesser extent of roughening than heat 156 when strained to the 

same slrain percentage 

Specimens Strain Percentage R. (TA /I RO) R, (TA ~ RD) 

,.m ,m 
Heat 155 13 % 0.93 1 05 

20% 1.45 196 

Heat 156 13 % 1.34 1 81 
-

20% 2.93 4.81 
----_.- _._-

Table 4-4: Roughness values of heats 155 and 156 (TA = Tensile Axis, 

RD = Rolling Direction). 

heat 156 

heat 155 

L TA 

Figure 4-10; Topographic features of the specimens strained to 20% 

with the principal tensile axis (TA) perpendicular to the rolling direction 

(RO)_ 
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c,6 

heat 155 

heat 156 

Figure 4-11; Topographic features of the specimen strained to 20% with 

the principal tensile axis (TA) parallel to the rolling direction (RD). 
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Figure 4-12: Roughness (R..) as a function of strain when the principal 

stress axis is perpendicular to RD in as-received plate specimens. 
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4.3 Investigation of the influence of the th ermomechanical 

processing on the microstructure evolution 

4.3.1 Microstructure of the transfer gauges 

Figure 4-13 and Figure 4-14 show the as r~led microstructure of the transfer 

gauges of heats 155 and 156 respectively The materials exhibit highly 

deformed, flat grains that do not not show well defined grain boundaries 

during anodising. In order to compare the amount of stored energy in these 

materials, static recrystallisation was performed at 560°C oar 10 minutes. 

Figure 4-15 and Figure 4·16 show the microstructures of the recryslallised 

heat 155 and heat 156 respectively. 

200um 

Figure 4·13: The microstructure of the transfer gauge of heat 155. 
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Figure 4-14: The microstructure of the transfer gauge of heat 156. 
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Figure 4-15: ThE- microstructure of the statically recrystallised transfer 

gauge of heat 155. 
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Figure 4-16: The microstructure of the statically recrystallised transfer 

gauge of heat 156. 

The following points should be noted regarding a comparison of heats 155 

and 156 

(i) The recrystallised microstructures demonstrate that the grain structure 

is finer for heat 156. 

(Ii) The process schedules (see appendix) suggest that the reverse should 

occur since heat 155 experienced heavy deformation (final thickness of 

18 mm) at low temperature (309 °C) compared with heat 156 which 

was 24 mm at 374 "C. These deformation conditions suggest that heat 

155 should have a higher amount of stored energy and hence a finer 

microstructure 

(iii) A consideration of the hardness of the tranfer gauge (46 HV for heat 

155 and 44 HV for heat 156) suggests that the stored energy is similar 

and hence similar grain sizes should evolve. 

(iv) Considering that the actual results contradict both (ii) and (iii) above. 

other factors such as particle stimulated nucleation (PSN) and Zener 

pmnmg may be affecting the evolution of the recrystallised grain size 

This has not been persued in any detail in this project. 
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4.3.2 Plane Strain Compression 

Figure 4-17 shows the graphs of the true stress vs. true strain of the PSG 

tests performed. The other graphs are presented in appendix B. The trends 

on the cU'ves demonstrate that dLXing PSC testing, a point is reached where 

the amount of dislocations generated IS equal to the amount of dislocations 

recovering. This phenomenon is referred to as steady state dynamic 

recovery. It can also be observed that the stress level for the onset of steady 

state reduces with an increase in deformaliOil temperature 
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Figure 4-17: Graph of true stress vs. true strain for Heat 155 deformed 

to a total strain of 1.0. The first three numbers in the legend are the heat 

number and the second three are the deformation temperature. 

4.3.3 Metallographic study of the PSC specimens 

Figure 4-18 and Figure 4-19 show the reaystallised microstructures of heat 

155 and heat 156 respectively after annealing at 560°C following deformation 

at 270 °C to a total strain of 0.5. Figure 4-20 and Figure 4-21 show the 

recrystallised mlCrostructlIes of heat 155 and heat 156 respectively after 

annealing at 560 °C following deformation at 270°C to a total strain of 1.0 
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The average grain sizes according to ECO are included in each figure The 

other microstructures are presented in appendix C. The trends in the 

microstructure evolution in the two heats deformed under the same conditions 

are similar This observation suggests that the starting materials had an 

equi'/alent amount of stored energy. or that the prior stored energy of the 

tranfer gauge is not siglificant in affecting the final recrystallisation 

Figure 4-22 and Figure 4-23 summarises the results of the grain Size as a 

function of Zener-Holloman parameter (Z) for the material deformed to a total 

strain of 0.5 and 1,0 respectively. It can be observed that the grain size 

decreases with an increase in Z values, This decrease in grain size 

corresponds to a decrease in deformation temperature which in tum results in 

an increase in Z values, It can also be observed in Figure 4-22 and Figure 

4-23 that there is a difference in the average grain size for heats 155 and 156 

after each PSC condition, After 0.5 strain, heat 156 is consistently finer. After 

1.0 strain. heat 155 is finer for Z = 1014 and 101 ~. 
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Figure 4-18: EBSD map and the graph of grain size distribution for heat 

155 deformed at 270°C to a total strain of 0.5. 
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Figure 4-19: EBSD map and the graph of grain size distribution for heat 

156 defonned at 270°C to a total strain of 0.5. 
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Figure 4-20: EBSD map and the graph of grain size distribution for heat 

155 deformed at 270°C to a total strain of 1.0. 
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Figure 4-21: EBSD map and the graph of grain size distribution of heat 

156 deformed at 270"C to a total strain of 1.0. 
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Figure 4-22: Grain size as a function of Zener-Holloman parameter for 

the specimen deformed to a total strain of 0.5. 
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Figure 4-23: Grain size as a function of Zener-Holloman parameter for 

the specimen deformed to a total strain of 1.0. 
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Chapter 5 

5 Discussion 

5.1 Microstructure of As Received Products 

The microstructures of (he as received products (Figure 4-1 to Figure 4-4) 

reveal flat and elongaied grains in the rolling direction. The shape of the 

grains can be attributed to ihe effect of particle pinning. The anisotropic 

distribution of particles. often along planes parallel to the rolling plane. 

reduces the grain growth rate perpendicular to the rolling plane resulting In fiat 

and elongated grains3.e. This grain shape evolution was modeled by Nes e/ 

al.'o referenced from (38). In their model. they assumed an array of particles 

aggregated in bands separated by a distance l. In this model (Figure 5-1a) a 

boundary AS lying parallel to the band experienGes a drag. The curved 

boundary segment Be does not experience any pinning Therefore. the 

pinning IS greater in the direction normal to tile band than in the parallel 

direction This anisotropy is reflected in the shape of the grains. This model 

has also shown that (he grains will propagate in a staggered manner as 

observed in Figure 5-1 b. The staggering effect suggested by the model was 

not evident in the studied plates. 

It was also observed that the 6 mm thick plate and heat 156 (12 mm) final 

plate exhibit a grain size gradient through the thickness of the plate. The 6 

mm thick plate showed a gradient of decreasing grain size towards the 

surface while heat 156 showed a gradient of increasing grain size towards the 

surface of the plate. The variation in the grain sizes through the thickness of 

the material can be assumed to be due to the difference in the amount of 

deformation through the thickness of the plate. Small diameter rolls or small 

reductions per pass tend to deform the metal plastically at its surface. 

whereas large diameter rolls or high reductions tend to deform the bulk more 

than the surface. The reason is the frictional constraint at the surface along 

ihe arc of contact between the roll and the strip. In the Gase of large 
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reductions. the contact ,JrC is large and the material is constrained from being 

deformed <It the surbce49. Thus the reason for havir.g opposite through 

thickness str<lin gr<lflients for the 6 mm piate and the 12 mm plate could be 

liue to liifference in critiC<l1 reductions durinq certain rolling passes. 

In the case of <l 6mm thick plate there would he a greater degree of 

licform<ltion at the surface than at the center of the plate. This would result in 

high amount of stored energy at the surface than at the center. Generally. the 

area with the high amount of storeli energy will result in a finer microstructure 

than the area with iess amount of storeli energy durir.g recrystallisation. 

Hence. a finer microstructure at the surface of the plate than at the center of 

the plate. Using the same reasoning, the large grains at the surface of heat 

12 mm thick plate can be attributed to the difference in the degree of 

deformation through the thickness of the plate. In this case the surface 

experiencerl less rleqree of rlcformation than the center of the plate. This 

resulted in less amount of stored energy at the surface than at the center 

consequently larger grains at the surface than at the center during 

recryst<lliisation No attempt was made to quantify the liifference in the 

<lillOunt of stored energy lhrouqh the thickness of the plate. 

D 

A 

E 
(a) (hi 

Figure 5-1: Showing the interaction of boundaries with planar array of 

particles. 
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5.1.1 Comparison of the microstructure of heat 155 and heal 156 

These two plates were expected to reveal a similar microstructure since tlley 

were deformed to the same thickness of 12 mm. Howevor. a variation in the 

type of microstructure and grain siLes was observed. These variations can be 

attributed to tho differenco in tho tllermomechanical processing cycles of the 

two matorials. Hoat 155 was hoavily deformed (strain" 0.4) in a single pass 

to the specification thickness of 12 mm at a low temperature of 270"C. Heat 

156 was deformed to specification over two passes. The initial pass was a 

heavy deformation (strain" 06) at 365uC followed by a light deformation 

(strain = 008) at 265uC (Figure 5·2). The combined effect of high deformation 

at low temperature in the HFM procossing cycle of heat 155 resulted in a high 

amount of stored energy througll the thickness of the material. This is evident 

in tile microstructure that evolved during solution heat treatment (Figure 4-4) 

Uniform grain siLe through the thickness of the plate suggests uniform 

deformation and consequently tile stored enorgy was equivalent through the 

thickness of the plato. As described in soction 5.1. heat 156 showed a grain 

size gradient which suggests that there is a differential amount of stored 

energy through the thickness of the plate 

5.2 Surface Roughenin g 

Uniaxial tensilo doformation was used to study the surface roughoning 

bohaviour of the plates The four plates studied (i.e. 6 mm. 9 mm. heat 155 

and heat 156) exhibited the same type of roughening called tile "orange peel 

effect ' (Figures 4-6. 4-7, 4-9, 4-10 and 4-11). This type of roughening is 

closely associated with tile individual rotation of surface grains during tensile 

stretching. The ripple siLe observed on the roughened surface corresponds 

to the grain sizes of tile plate. Tho extont of roughening was observed to be 

increasing with an increase in grain sizes of the plates. For instance, the 9 

mm Illick plate with the largest grain size of the four plates studied was 

observed to be show the greatest degree of roUgllening. 
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Figure 5-2: The graph of thickness 'IS. temperature illustrating the 

difference in the deformation of heat 155 and heat 156. 

5.2.1 Grain size effect on surface roughening 

Grain size is one of the critical parameters that determine the malerial 

properties. It was observed that surface roughening is also influenced by the 

microstructure of the material. As described in section 5.2, the extent of 

roughening increases with an Increase In grain size This is an expected 

observation since the previous work by other researchers has also showed 

this behaviour(9,'Q,11) It was observed thai the extent of roughening varies in 

the four plates with the 9 mm thick plate showing the greatest degree of 

surface roughening while heat 155 shows the least degree of roughening and 

the other materials lying in between these two extremes. This difference can 

be associated with the difference in the grain sizes of these plates As 

described in section 4.11. the 9 mm thick plate exhibited a coarse 

microstructure with an average grain size of 2.4 mm in the rolling direction 

and this corresponds to the greater extent of roughening Equation 2-1 states 

that roughening wilt Increase with an increase in grain size and this is evident 

in the material studied. During uniaxial tensile stretching, grains at the 
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surface rotate It is the rotation of these grains that causes distortion of the 

surface resu.ting in the roughening, The rate of roughening increases more 

rapidly as the grain size increases:21
', Surface roughening in AA6061 can be 

eliminated by refining the microstructure olthe material 

5.2.2 Effect of tensile strain on surface roughening 

Strain. like grain size. has a linear relationship with surface roughening 

(Equation 2-1) When the strain is increased, the extent of roughening also 

increases, This relationship can be explained by the need for strain in order 

for the grains to rotate, For any grain to rotate. the applied load on the grain 

should exceed the critical resolved shear stress of the crystal. When the 

stress increases, the critical resolved shear stress of many crystals is reached 

thus increasing the number of rotating grains, At relatively h'lQh strains. 

underlying grains might have an effect on the roughening as they will start 

rotating as well. This will exacerbate the roughening and subsequently lead 

to the necking of the material due to the manifestation of the roughness into a 

groove 

It was observed that the amount of strain required to induce surface 

roughening was determined by the grain Size of the material. Material with 

finer microstructure would require a high amount of strain to induce surface 

roughening. This was evident in the plates studied The 9 mm thick plate 

with an average grain size of 2.4 mm in the RD could not be strained beyond 

This plate started to roughen at a strain of 4 % aM beyond the strain of 

8 °,0 the specimen started to neck. On the other hand heat 155 with an 

average grain size of 0 2 mm in the RD did not show roughening even after 

the strain of 8 %, 

5.2.3 Effect of grain shape on roughening 

Microstructure analysis of rolled products showed that grains are flat and 

elongated in the rolling direction, Consequently, roughening varied with 
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direction of the principal stress axis rel<ltive to the individual ~rain dimension 

Surface roughening was found to be more severe when tile principal stress 

<Jxis was perpendicular to tile long dimension of the grain than when it was 

parallel to it. This obser..'<ltion can be explained by the model described in 

Figure 5-3 In this model it is assumed that tile cryst<ll is in a tetragonal shape 

with the long axis p<lrallel to the the rolling direction. Prior to tensile 

deformaflOn. the grain in the material is in position A. When the malerial was 

deformed to a certain strain, the grain rotates by an <lngle () and assumes 

position B. The rOll~Jhening effects observed when the principal stress axis is 

perpendicular to the 10119 dimension of the grain are greater than when it was 

parallel to it. The gr<lins in Figure 5-3 are rot<lted to the same angle 0 but it is 

more difficult to rotate the ~rain in (a) than it it is to rotate the grain in (b). This 

is because there is ~reater ~rain sliding in (a) than there is sliding in (b). 

Therefore the gri<lns in (<l) are more constrained to rotation than the grains in 

(b). 

5.3 Evaluation of the Stored Energy in the Transfer Gauges 

The microstructure of the as rolled transfer gauges (Figure 4-13 <lnd Figure 

4-14) do oot ~Jiye <lny qU<lntitative information about the relative amount of 

stored energy in the material Based on the thermomechanical processing 

scl18dules of he<lts 155 and 156 (appendix A). it was expected that heat 155 

would have a hi~her amount of stored energy th,m heat 156 and hence a finer 

microstructure. However, when the the transfer ~Jau~Jes were annealed at 

560cC for ten minutes. the recrystallised structure reve<lled the opposite. It 

was found that he<lt 155 has an aver<Jge grain size of 320 ,lm and heat 156 

has an average grain size of 80 .u.m (Figure 4-15 and Figure 4-16) 

respectively In order to make a conclusive decision <lbout the relative 

amounts of stored energy in the two heats. further investigation was required. 
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Figure 5-3: Schematic diagram describing the extent of roughening 

relative to the principal stress axis (a) Principal stress axis is parallel to 

the long dimension of the grain (b) Principal stress axis is 

perpendicular to the long dimension of the grain. 
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Hardness measurements were carried out in order to elucidate further. The 

hardness values of the two heats were found to be equivalent with the 

hardness of heat 155 equal to 46 HV and the hardness of heat 156 equal to 

44 HV. These results imply that the two heats should have an equivalent 

amount of stored energy. This would mean that the microstructure evolution 

of the two heats would be the same. However. it is observed that the transfer 

gauge of heat 155 has a coarser microstructure than the transfer gauge of 

heat 156 after recrystallisation. Therefore, it can be suggested that the 

difference in the microstructure is probably due to the effect of particle 

stimulated nucleation or the effect of particle inhibiting grain growth (Zener 

pinning). These areas are beyond the scope of this project and no attempt 

was made to determine their effect on the microstructure evolution of the 

transfer gauges of the material. The results of these observations, however, 

demonstrate that residual stored energy from the HRM stage is not a strong 

factor in determining the microstructure evolution during the HFM stage. 

Otherwise, heat 156 would have a finer final grain structure than heat 155. 

5.4 Plane Strain Comp ression 

Figure 4-17 shows the true stress vs. true strain (flow curves) of the specimen 

deformed to a total strain of 0.5. The trends on the graphs indicate that a 

point is reached during deformation, where the work hardening rate and 

recovery reaches a dynamic equilibrium (steady state flow stress). In this 

region the dislocation density in the material is constant. giving rise to a more 

or less constant average subgrain size. Humphreys38 summarised the 

microstructure changes that occur during dynamic recovery by Figure 5-4. 

5.4.1 Microstructure of the PSC specimen 

Figure 4-22 and Figure 4-23 show a decrease in grain size after 

recrystallisation with an increase in Zener-Holloman parameter for samples 

deformed to a total strain of both 0.5 and 1.0 respectively. Since the strain 

rate was kept constant, 10 S·1, and only the temperature was varied for the 



Univ
ers

ity
 of

  C
ap

e T
ow

n

75 

Zener-Holloman parameter, this observation can be related to the deformation 

temperature. This implies that coarse microstructure evolves when the 

deformation temperatures are high. This can be explained by the fact that at 

high deformation temperatures, there is enough thermal energy for 

dislocations to rearrange into low energy configuration and coalesce. This 

reduces the amount of stored energy in the material and the subgrain size 

increases. Generally. the material with low amount of stored energy 

recrystallises into a relatively coarse microstructure. The variation in grain 

size of heat 155 and heat 156 deformed at the same conditions gets smaller 

with an increase in the strain. This can be attributed to the fact that an 

increase in strain results in an increase in b/hf• The higher the ratio of b/h the 

more uniform is the deformation. 
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Figure 5-4: Summary of the microstructural changes which occur 

during dynamic recovery. 

Microstructure evolution in heat 155 and heat 156 after annealing at 560°C for 

ten minutes is similar. This implies that the difference observed in the as 

received final products is mainly due to the difference in the. 

thermomechanical processing cycles and not the microstructural condition of 

the transfer gauge. The trend lines demonstrate two important facts. Firstly. 
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the HRM stage is not critical to the development of fine-grained structure 

since the grains evolution during PSC deformation and recrystallisation is very 

similar for heat 155 and heat 156 compared to the grain sizes of the final 

plates, despite the difference in the thermomechanical cycles in the HRM 

stage. Secondly, the thermomechanical cycle in the HFM stage is critical as 

can be seen by the strong dependence of grain size on Z-values in the range 

of 1014 
- 1015 s-1, and Z values should be maintained at levels not less than 

1015
. This is demonstrated by the significant increase in grain size when Z is 

equal to 1014
, which exacerbates roughening. 
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6 Conclusion 

6.1 Surface Roughenin g 

This work has shown that surface roughening in M 6061 is mainly due to the 

rotation of individual surface grains. This rotation gives rise to the "orange 

peel effect" type of roughening. Therefore, the average grain size is critical in 

determining the extent of the surface roughness. The shape of the grains was 

also found to be influencing the surface roughening of the material. It was 

observed that the extent of roughening is greatest when the principal stress 

axis is perpendicular to the long dimension of the grain. 

Surface roughening is also linearly related to the applied stress. The amount 

of stress required to rotate the grain also varies with the grain size of the 

material. Large grains require less amount of stress to rotate than do small 

grains. Therefore the microstructure of the material should be refined to grain 

sizes below 200 flm in order to avoid surface roughening during stretcher

levelling. 

6.2 Thermomechanica I Processing 

Experiments have enabled two important conclusions. Firstly, the HRM stage 

is not critical to the development of flne grained structure since the grain size 

evolution in heat 155 and heat 156 is very similar compared to the grain size 

variation observed in the flnal plates, despite the difference in the 

thermomechanical process cycle in the HRM stage. Secondly, the 

thermomechanical cycle in the HFM stage is critical and the Zener-Holloman 

parameter values should be maintained at levels not less than 1015 
S-1. This 

is demonstrated by. the signiflcant Increase in grain size when Z is equal to 

1014• I n order to achieve these high Z values the material should be finished at 

low temperature typically around 270°C. High values of Z correspond to high 
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amount of stored energy required to drive recrystallisation of the fine 

microstructure. 

Thermomechanical processing schedules should be structured such that 

uniform deformation through the thickness of the material is achieved. This 

will ensure that the material recrystallises uniformly and hence similar 

properties are achieved through the plate thickness. Small deformations 

results in the surface deforming more than the middle of the plate. In 

contrast, higher deformation results in high deformation in the middle of the 

plate than at the surface. The variation in deformation through the thickness 

of the plate gives rise to differential amount of stored energy through the 

thickness of the plate. Consequently, the material recrystallises differently 

through the thickness of the material. If the material recrystaliises such that 

large grains evolve at the surface, surface roughening can be experienced 

during the stretcher-levelling process. large grains exacerbate roughening. 
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Appendix A 

Thermomechanical Processing Schedules 
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Process schedule for AA6061 6.35 mm Thick plate 

HRM roller radius (M) 

Pass 
1 
2 75 13 
3 77 13 
4 79 12 
5 82 12 
6 81 14 
7 81 13 
8 82 22 
9 82 15 
10 82 13-
11 84 0.1085 1.2313 21 
12 83 0.1228 1.3608 15 
13 85 0.1396 1.5726 15 477 1.14723E+11 
14 86 0.1619 1.8284 12 
15 0.2326 0.1971 0.0355 86 0.1912 2.1449 17 467 2.19382E+11 
16 0.1971 0.1703 0.0268 86 0.1688 2.1786 13 
17 0.1703 0.1536 0.0167 87 0.1192 1.9716 40 484 1.14134E+11 
18 0.1536 0.1385 0.0151 88 0.1195 2.1028 36 
19 0.1385 0.1244 0.0141 88 0.1240 2.2578 152 482 1.39568E+11 
20 88 0.1969 3.0487 26 
21 88 0.2254 3.5735 16 473 2.98096E+11 
22 89 0.2319 4.0471 12 
23 89 0.2370 4.5286 14 458 6.32824E+11 
24 0.0575 0.0466 0.0109 89 0.2427 16 
25 0.0466 0.0376 0.009 89 19 439 1.58308E+12 
26 0.0376 0.0303 0.0073 89 18 
27 0.0303 0.0244 0.0059 90 363 399 9.57136E+12 
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HFM Roll Radius (m) 

Pass 
1 
2 35 261 3.83982E+16 

3 489 
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Process schedule for AA6061 9.5 mm Thick plate (563670) 

HRM roller radius (m) 

Pass 
1 
2 0.6078 0.0127 73 11 
3 0.5951 0.5763 0.0188 73 9 
4 0.5763 0.5522 0.0241 78 10 
5 0.5522 0.5239 0.0283 81 0.061 0.719 9 
6 0.5239 0.4944 0.0295 82 0.067 0.785 9 
7 0.4944 0.464 0.0304 83 0.073 0.857 8. 
8 0.464 0.4329 0.0311 81 0.080 0.904 11 
9 83 0.088 1.006 12 
10 84 0.097 1.115 8 
11 0.3688 0.3357 82 10 306 1.41E+14 
12 0.3357 0.3019 82 10 
13 0.3019 0.2675 0.0344 83 13 490 7.32E+10 
14 0.2675 0.2326 0.0349 83 10 
15 0.2326 0.1971 0.0355 83 11 471 
16 0.1971 0.1702 0.0269 83 11 
17 0.1702 0.1536 0.0166 83 25 487 9.85E+10 
18 0.1536" 0.1385 0.0151 82 84 
19 0.1385 0.1243 0.0142 81 137 483 1.25E+11 
20 0.1243 0.1046 0.0197 80 11 
21 80 10 471 2.91E+11 
22 79 118 
23 0.0703 0.0572 0.0131 78 0.238 3.988 32 447 8.25E+11 
24 0.0572 0.0464 0.0108 77 0.242 4.399 72 
25 0.0464 0.0369 0.0095 74 0.265 4.935 10 419 2.93E+12 
26 0.0369 0.0295 0.0074 89 0.258 6.571 15 
27 0.0295 0.0237 0.0058 72 0.253 5.873 483 3.51E+11 
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HRM Industrial process schedule for heat 155 
HRM roller radius (m) 0.46 

Pass Initial h (m) Final h (m) V Strain 

1 0.6150 0.5992 0.0158 

2 

3 

4 13 

5 10 

6 32 

7 83 

8 84 

9 81 379 3.42E+12 

1 83 

11 81 469 1.27E+11 

12 81 

13 78 470 1.48E+11 

14 76 

15 72 18 484 1.11E+11 

16 69 59 

17 64 319 482 1.03E+11 

18 60 

19 56 2.71 E+11 

2 52 

21 48 449 5.55E+11 

22 45 

23 42 27 393 5.82E+12 

24 0.0230 36 23 

25 0.0183 26 309 2.45E+14 
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HRM Industrial Process Schedule for heat 156 

HRM roller radius (m) 0.46 

Pass Initiat h (m) final h (m) Reduction (m) Roll V (mlmin) Strain Strain Rate (S") Inter-pass time (S) Temperature Z (S' ) 

1 0.615 0.6043 0.0107 72 0.0203 0.3467 11 

2 0.6043 0.5896 0.0147 74 0.0284 0.4266 12 

3 0.5896 0.5699 0.0197 75 0.0393 0.5154 13 

4 0.5699 0.5454 0.0245 79 0.0508 0.6295 10 

5 0.5454 0.5173 0.0281 81 0.0611 0.7255 10 

6 0.5173 0.4873 0.03 82 0.0690 0.8028 11 

7 0.4873 0.4566 0.0307 82 0.0752 0.8644 14 

8 0.4566 0.4254 0.0312 82 0.0817 0.9326 9 

9 

~ 
84 0.0892 1.0352 12 

10 83 0.0985 1.1199 10 

11 0.3616 0.3289 0.0327 83 0.1095 1.2348 11 

12 0.3289 0.296 0.0329 83 0.1217 11 

13 0.296 0.2625 0.0335 84 0.1387 1.5645 13 470 

14 0.2625 0.229 0.0335 84 0.1571 1.7184 8 

15 0.229 0.1955 0.0335 84 0.1827 2.0602 11 473 1.73E+11 

16 0.1955 0.17 0.0255 84 0.1614 2.0867 11 

17 0.17 0.1533 0.0167 83 0.1194 1.8849 44 490 9.02E+10 

18 0.1533 0.1383 0.015 83 0.1189 1.9806 42 

0.1383 0.1243 0.014 83 0.1233 2.1249 171 483 1.28E+11 

20 0.1243 0.1049 0.0194 82 0.1960 2.8355 13 

21 0.1049 0.0857 0.0192 82 0.2335 3.3955 12 475 2.66E+11 

22 0.0857 0.0709 0.0148 81 0.2190 3.5826 128 

23 0.0709 0.0571 0.Q138 81 0.2500 4.2363 23 452 7.36E+11 

24 0.0571 0.0466 0.0105 87 0.2347 4.8967 11 

25 :: 0.0373 0.0093 83 0.2571 5.4379 21 423 2.78E+12 

26 0.0301 0.0072 79 0.2471 5.6673 24 

27 0.0301 0.024 0.0061 70 0.2616 5.7610 374 2.27E+13 
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HFM Process Schedule for heat 155 

HFM roller radius (m) 0.35 

Pass Initial h (m) Final h (m) Reduction (m) Roll V Strain Strain Rate Interpass time Temperature Z (5· ) 
(mlmin) (5.1) (s) fC) 

1 0.0183 0.01316 0.00514 88 0.3807 13.1653 673 270 1.33E+16 

HFM Process Schedule for heat 156 

HRM roller radius (m) 0.35 

Pass Initiat h final h (m) Reduction (m) Roll V Strain Strain Rate Interpass time Temperature Z (5· ) 
(m) (mlmin) (5,1) (5) 

1 0.024 0.01403 0.00997 105 0.6199 18.3647 244 365 1.08E+14 

2 0.01403 0.01309 0.00094 97 0.0801 7.1373 31 267 8.71E+15 
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Appendix B 

Plain Strain Compression curves 
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Figure 1; The graph of true stress vs. true strain for 155 deformed to a 

total strain of 0.5. The first three numbers in the legend is the heat 

number and the other three is the deformation temperature. 
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Figure 2: Graph of true stress vs true strain for 156 deformed to a total 

strain of 0.5. 
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Figure 3: Graph of true strain vs. true stress for 156 deformed to a 

total strain of 1.0. The last digit on the the legends is the strain. 
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Appendix C 

Electron Back Scattered Maps of the PSC specimens 
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Figure 4: EBSD map and the graph of grain size distribution for heat 

155 deformed at 310°C to a total strain 0.5. 
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Figure 5: EBSD map and the graph of grain size distribution of heat 

155 defonned at 35S"C. 
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Figure 6: EBSD map and the graph of grain size distribution for heat 

156 deformed at 310 to a total strain of 0.5. 
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Figure 7: EBSD map and the graph of grain size distribution of heat 

156 defonned at 355°C at a strain of 0.5. 
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Figure 8: EBSD map and the graph of grain size distribution of heat 

155 defonned at 310"C to a total strain of 1.0. 
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Figure 9: EBSD map and the graph of grain size distribution of heat 

155 deformed at 355°C to a total strain of 0.1. 
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Figure 10; EBSD map and the graph of grain size distribution of heat 

156 deformed at 310u C to a total strain of 1.0. 

" ,~ 
137 
,~ 

UN 



Univ
ers

ity
 of

  C
ap

e T
ow

n

~ .oa5 .----
I 

0 .03 

O .O2~ , 
I 0.02 , 
I 0.01 5 

• 0 

00, 

O.O O ~ 

0 Lid III II ~ I I I I 
0 

1I. 

<ffi 
K ler9;h ,-A,~cl ';y 

I . 
' 00 

"'" 1 !1lSlO 
t.Il.24 
376.23 

"" 
'" 149.S7 

64.97 
456.31 

"~ 

Figure 11: EBSD map and the graph of grain size distribution of heat 

156 defonned at 355°C to a total strain of 1.0. 
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