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Abstract 

Clad alloys feature one or more different alloys bonded to the outside of a core alloy, with non-

equilibrium, interalloy interfaces.  There is limited understanding of the recovery and 

recrystallization behaviour of cold rolled clad aluminum alloys.  In order to optimize the 

properties of such alloys, new heat treatment processes may be required that differ from what 

is used for the monolithic alloys.  This study examines the recovery behaviour of a cold rolled 

Novelis FusionTM alloy containing an AA6XXX core with an AA3003 cladding on one side.  The 

bond between alloys appears microscopically discrete and continuous, but has a 30 m wide 

chemical gradient.   The as-deformed structure at the interalloy region consists of pancaked sub-

grains with dislocations at the misorientation boundaries and a lower density organized within 

the more open interiors.   X-ray line broadening was used to extract the dislocation density from 

the interalloy region and an equivalently deformed AA6XXX following static annealing using a 

modified Williamson-Hall analysis. This analysis assumed that Gaussian broadening 

contributions in a pseudo-Voigt function corresponded only to strain from dislocations.  The 

kinetics of the dislocation density evolution to recrystallization were studied isothermally at 2 

minute intervals, and isochronally at 175 and 205°C.  The data fit the Nes model, in which the 

interalloy region recovered faster than AA6XXX at 175°C, but was slower at 205°C.  This was 

most likely caused by change in texture and chemistry within this region such as over-aging of 

AA6XXX . Simulation of a continuous annealing and self homogenization process both with and 

without pre-recovery indicates a detectable, though small change in the texture and grain size in 

the interalloy region. 
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Chapter 1 - Introduction 

Over the past two decades the manufacturing and use of aluminium alloys in many different 

sectors has increased dramatically.  This includes many multi-billion dollar industries such as 

transportation (automotive, marine and aircraft), construction and packaging.  Global 

production of aluminium in 2011 alone stood at 44.1 million metric tonnes, second only to steel 

at 1,500 million metric tonnes  [1].  This is an increase of nearly 8% since 2010 and is expected 

only to rise in the near future.  The distribution of aluminium throughout the consumer market 

has not been well traced worldwide.  However, the United States has done much better with 

data collection, in their country they hypothesize the transportation industry was able to 

account for an estimated 34% of domestic consumption with the remainder being distributed 

through packaging (27%), building (12%), electrical (8%), machinery (8%), consumer durables 

(7%) and other (4%) [1].  

Aluminium has many desirable properties and the automotive industry is especially poised to 

take advantage of these.  A 10% reduction in weight translates to a 9% decrease in fuel 

consumption.  Experts estimate that the average car produced with aluminium components 

could be up to 24% lighter than one made with steel. This weight reduction translates into a 

decreased fuel consumption of approximately 2 liters per 100 km and 46.4 g/km reduction in 

CO2 emissions [2].  The application of aluminium in cars dates back to over a hundred years ago.  

The first car featuring an aluminium body was presented at the Berlin international motor show 

in 1899 while the first engine with aluminium parts was made two years later by Carl Benz in 

1901.  Unfortunately, despite showing great potential in the areas of weight and corrosion 

resistance, aluminum never took off in the emerging automotive industries due to several key 

factors including its higher cost than steel, the fact that it was still a relatively new and poorly 

understood material, and finally that energy (petrol) at the time was relatively cheap. 
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During the oil crisis of the 1970's car manufactures were temporarily persuaded to produce 

more fuel efficient cars.  The automotive industry observed that the simplest way to decrease 

fuel consumption was to reduce weight, which resulted in a giant push towards to replacement 

of steel components with aluminum sheet and advanced high-tensile aluminum alloys.  In 1994, 

Audi engineers even proved that aluminium can completely supersede its steel counterparts by 

producing the body of an A8 sedan made completely out of aluminum.  Over the years many 

adjustments have been made to improve the material properties of the aluminium alloys in 

automotive applications.  Of particular interest is to produce a material which can be formed 

into a desired shape, be easily joined to other components, is structurally strong, can absorb 

energy in crashes, maintains this integrity while operating in corrosive environments, and is 

recyclable and finally affordable. Meeting all these requirements with one material is impossible 

so different alloys with different tempers may be used throughout the automotive structure as 

design requirements begin to vary.  Another way to extend the performance range of materials 

is to use composites [3].  Clad alloys represent a composite-like material which has enhanced 

surface properties while maintaining core strength.  

Even with this large desire to enhance products with aluminum’s varying mechanical properties, 

the industry, in recent years has struggled to fix a case of overproduction.  The problem has 

caused a frenzy of mergers and consolidations in an effort to cope with a several-years long 

drop in aluminum prices due to an excess supply.  Stockpiles have increased due to a series of 

recessions worldwide, most recently this includes depressions in both the European and North 

America markets and before that the depressed status of Asia and Brazil [4].  Mergers are a very 

common scenario in any commodity industry and similar tactics have been employed in the oil, 

paper and chemicals industries where low prices and overcapacity have resulted in decreased 

earnings.  Many of these consolidations include world leaders in the aluminum industry.  Since 
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the turn of the century Alcoa, the US's largest aluminium company and the world's third largest 

producer of aluminium, has bought stakes in many smaller Chinese, Russian and North American 

companies.  In 2007, Alcoa attempted a hostile takeover of their former subsidiary Alcan in an 

effort to make themselves the world's largest aluminum company.  The takeover attempt 

however was blocked when Alcan announced a friendly merger with the British-Australian Rio 

Tinto later that same year.  In recent years, Rio Tinto Alcan has been a world leader in aluminum 

mining and production, coming second only to another consolidated company, UC Rusal.  United 

Company Rusal accounts for over 10% of both the world's primary aluminum and alumina 

production [2].  The company consists of the former aluminium divisions of the Anglo-Swiss 

company Glencore along with Russia's Rusal and Siberian-Urals Aluminium Company (SUAL).  

Even as global leaders in the market place, recent years have seen all three of these major 

companies sell assets, close smelters and cut jobs.  Other key players have also seen similar 

unions, the Aluminum Corporation of China has been buying smaller Chinese smelters following 

recommendations handed down from the Chinese Ministry of Industry and Information 

Technology [5].   Even Novelis, the sponsor of this thesis, was purchased during the frenzy of 

2007 by Hindalco Industries after being split from Alcan in 2005, making it the world largest 

producer of aluminum sheet metal.  This melee of acquisitions has evolved the aluminum 

industry turning it into one of the most competitive sectors of commodity goods.  Every 

company is looking for a way to gain an advantage over its competitors and one of these 

advantages is in the production of clad alloys that provide a multitude of different material 

properties unachievable by traditional monolithic alloys. 

1.1 Novelis FusionTM 

FusionTM is a new cladding technology developed by Novelis Inc. that presents enormous 

potential in the automotive industry.  Cladding is generally used to combine two alloys together 
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to obtain material properties unachievable in a monolithic product.  Novelis FusionTM uses novel 

cladding techniques to adhere these two alloys together.  The most common cladding method 

used today is called adhesive roll bonding or roll welding, whereupon two or more different 

metals are thoroughly cleaned and then passed through a pair of rollers under sufficient 

temperature and pressure to adhere the layers together.  This method however can result in 

oxide phases, pores or other inclusions appearing at the interface between layers (please refer 

to Section 2.1 for more information concerning cladding techniques).  In contrast, Novelis 

FusionTM technology uses a modified direct chill casting which can produce a perfect 

metallurgical bond eliminating these issues.  However, the introduction of a metallurgical bond 

allows for diffusion of the alloying elements to occur across the interface, creating an interalloy 

region.  Conversely, other cladding techniques simply adhere the two sheets together typically 

with an oxide surface layer, so that little to no diffusion can occur.  It has been found in previous 

studies that this diffusion causes the formation of many different complex intermetallic 

compounds around the interface [6–8].  One specific set of sheet alloys Novelis has combined 

together using this technology consists of a sheet alloy AA6XXX clad with an AA3003 outer layer.  

AA3003 series alloy is a work-hardenable alloy used mostly in the packaging industry due to its 

lightweight, high formability and corrosion resistance.  On the other hand AA6XXX is a premier 

heat-treatable automotive alloy with high strength.  The result is a remarkably strong, formable 

and brazable alloy with excellent resistance to both wear and corrosion.   

1.2 Motivation 
It is important to understand the interface of the clad/core Novelis FusionTM alloy.  Gupta et al. 

[7], [8] have characterized this region for an Al-Si cladding on top of an Al-Mg core and found 

that the Si and Mg along the clad/core interface had diffused into what is now being called an 

interalloy region.  This interalloy region has been defined as the material on either side of the 
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visible interface that contains a chemical gradient from the monolithic core composition to the 

monolithic clad composition.  These intermetallics at the interface get redistributed during 

subsequent thermo-mechanical processing and result in different textures and deformation 

structures forming around the interalloy region.  It has been hypothesized that these 

discrepancies have caused premature recrystallization at the interface compared to the 

monolithic core and clad alloys.  To understand the annealing behavior of an alloy it is important 

to understand the cold working process which introduces a number of defects and dislocations. 

This cold work results in a large amount elastic energy being stored within the deformed 

material.  This stored strain energy is the driving force for both recovery and recrystallization. 

Therefore to comprehend recrystallization in the interalloy region it is also necessary to 

understand the kinetics of recovery.  While there has been much research into the 

understanding of recovery in pure materials and some monolithic alloys, there has been no such 

study of composite clad/core alloys.  To optimize the performance of these alloys, the 

processing conditions need to be modified to take into account the interalloy region 

peculiarities, and not simply apply standard methods. 

1.3 Objectives 
The objective of this thesis is to investigate the static recovery behaviour at the interalloy region 

of a cold rolled clad aluminium alloy and to develop a kinetic model of its evolution.  To study 

and understand static recovery in such a complicated alloy system, requires the identification 

and separation of recovery and recrystallization phenomena. This distinction has been 

accomplished using a combination of micro- and macro mechanical and structural 

characterization techniques studied at different temperatures and times.  Specifically: 

i. Measure the starting deformed structure at different length scales by transmission and 

scanning electron microscopy, instrumented indentation, and x-ray diffraction. 



P a g e  | 6 

 

 
 

ii. Characterize the starting macro- and micro-textures by x-ray and electron back-

scattered diffraction, respectively. 

iii. Probe the temperature and time dependent recovery of dislocation density, texture and 

strength by x-ray diffraction and instrumented indentation, and compare to a 

chemically different alloy region.  

1.4 Thesis Outline 
This thesis is structured into six separate chapters: Introduction, Literature Review, Objectives, 

Experimental Methodology, Experimental Results, Analysis and Discussion, Conclusion and 

Recommendations. 

The literature review, chapter two, covers several topics prevalent to the present thesis. It 

reviews multi-layered clad aluminium alloys explaining the fundamental differences between 

Novelis FusionTM alloys and other popular, practiced cladding techniques.  Considering that the 

nature of this thesis revolves around the phenomena of recovery a detailed explanation of both 

annealing and the various thermal-mechanical factors which influence typical recovery kinetics 

was included in the review.  The chapter ends with a brief review of models used for predicting 

the recovery of stored work in metal alloys. 

Chapter three introduces the alloy, the specific techniques used in the study, and the 

experimental heat treatment conditions investigated.  The chapter begins with Section 3.1 

which describes the chemical composition of the AA3003 and AA6XXX materials along with the 

chemical analysis used to determine the length scale of the interalloy region.  It is extremely 

important to understand the sample chemistry along the clad/core interface because diffusion 

will have created an entirely new alloy in this region.  Section 3.2 will then address sample 

preparation, including sample orientations and polishing procedures for all experiments.  The 
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chapter then proceeds to Section 3.3 which explains the heat treatment processes and gives 

reasoning to why each temperature and treatment was chosen.  Section 3.4 describes the SEM, 

TEM and FIB imaging equipment and software followed by Section 3.5 which gives a detailed 

account of the nano-indentation machinery and analysis techniques used to calculate the 

material hardness across the interalloy region.  Finally, Section 3.6 includes a description of the 

x-ray peak analysis and pseudo-Voigt fitting function along with a detailed explanation of how 

the dislocation density is then extracted from these broadening measurements using a modified 

Williamson-Hall analysis. 

Chapter four is a presentation of all the results collected during experimentation. Section 4.1 

presents TEM images of inter-alloy region, grain and dislocation structure. Section 4.2 exhibits 

the evolution of line broadening and dislocation density during isothermal and isochronal heat 

treatments. Section 4.3 presents optical and SEM images of the indents, along with the 

hardness measurements across the interface under several different annealing conditions. The 

chapter then proceeds to Section 4.4 which presents the strain rate sensitivity results as well as 

the calculations of the activation volumes under the different annealing conditions and a 

comparison of activation volume to local chemistry. Lastly, the micro-texture data regarding 

texture and grain size statistics is displayed in Section 4.5 to give insight into the how recovery 

affects recrystallization in the continuous annealing and solutionizing heat treatment process.  

Chapter five is a general discussion of what was observed within the experimental results. This 

includes a detailed description of the recovery mechanisms in Section 5.1. Section 5.2 then 

describes the recovery models that were tested and which model most accurately represents 

the logarithmic decay of dislocation density.  
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Finally chapter six summarizes the findings of the thesis and presents the future 

recommendations of the project. 
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Chapter 2 - Literature Review 
The focus of this literature review is to provide background information on Novelis FusionTM 

technology and the recovery behavior of aluminium and its alloys.  The review begins with 

Section 2.1 which describes the fundamental manufacturing differences between Novelis 

FusionTM alloys and other clad products on the market.  While recrystallization will be briefly 

described, recovery is the topic of primary interest and will be thoroughly described in Section 

2.2.  In Section 2.3 the kinetics of recovery will be discussed and a mathematical model will be 

introduced to describe its general behaviour, followed by more recent models described in 

Section 2.4.  All of these models will be based around aluminium alloys as they are the material 

of interest in this thesis.  Finally Section 2.5 will provide a critical assessment of the literature in 

hopes to emphasize the importance of characterizing this new material and understanding its 

recovery behavior.   

2.1 Multi-layer Clad Aluminum Alloys 
For many years clad alloys have been used to optimize both the surface and core properties of 

different metals.  Primarily the adhesion process is completed by laminating the layers together 

either by extruding the different layers through a die or by pressing/rolling at elevated 

temperature and pressure [1]. While this type of cladding is well understood and relatively 

inexpensive, it has several downturns.  Oxide films created on the surface of the sheets prior to 

being pressed together can result in occurrence of corrosion between layers, a condition which 

is also seen in diffusion bonding due to poor adhesion conditions.  Unwanted inclusions and 

porosity can also be produced by dust or dirt left in between the sheets during lamination or by 

air pockets being formed during the same process [2].  There exist more exotic cladding 

techniques such as explosive cladding, laser cladding and plasma arc cladding which have helped 

to minimize and/or eliminate these mechanically unclean defects.  Unfortunately these 
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techniques also have their own shortcomings.  For example both laser and explosive cladding 

have shown erratic cladding thickness and interalloy regions [3].  Error! Reference source not 

ound.(a) and 2.1(b) display these shortcomings which are caused primarily by the 

unpredictability of explosives and lasers in regards to their angle of incidence and propagation, 

which for the most part need to be determined empirically [4], [5]. 

 

Figure 2.1: (a) Laser clad external layer (in white) showing inconsistent thickness [3]
 
(b) Wavy interface produced in 

explosive cladding with improper approach angle [4]. 

The most recent and premier cladding technique is a method called composite casting.  In these 

techniques a semi-solid interface along the core alloy is created and a perfect metallurgical bond 

can be formed between layers.  Unlike other cladding techniques a uniform external layer along 

with a unique gradient formed by rapid interalloy diffusion at temperatures near the material's 

melting point.  This gradient forms a region around the core/clad interface dissimilar to other 

cladding methods resulting in interesting recovery, recrystallization and mechanical properties.  

The novel difference in creating these new types of clad interalloy regions is that the composite 

layer is added during the casting of the ingot instead of during post processing.  The two most 

widely known multilayer composite casting methods are Alcoa's planar solidification technique 

and Novelis' FusionTM process.  Alcoa's planar solidification is a quite simple method to 

understand.  Molten material is placed within a mold composed of a flat substrate floor and four 

insulating walls shown in Error! Reference source not found.. Heat can only be extracted 
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hrough the mold floor resulting in the "planar" solidification.  The solidification rate is therefore 

dependant on the rate at which heat can be extracted from the substrate floor. [6] 

 

Figure 2.2: Schematic drawing of Alcoa's planar solidification technique [5] 

 

 

The composite casting technique used by Novelis is slightly more intricate and will be discussed 

below in great detail as the material is of primary interest to this thesis.  The technology has 

been openly described both through literature released by Novelis [2], [7] and in US patent 

application filings [8].  The Novelis process uses an adaption of the traditional DC casting 

technique.  Nearly 70% of all aluminum ingots are cast through a method called direct chill (DC) 

casting, making it easier to adopt in industry.  In DC casting liquid metal is poured into a water 

cooled mold with a bottom block.  The bottom block then starts to move downward at a 

predetermined rate and water jets flow onto the surface of the ingot as it is extracted 

downward.  This method promotes the formation of a solidified shell which thickens as 

additional heat is extracted until the ingot is completely solidified [9].  
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Figure 2.3: (a) Initial starting position of mold, starting head and secondary heat removal apparatus (b) In situ 
positioning and states of the mold, core and clad alloys. [2] 

Novelis FusionTM uses this DC technique, but to incorporate a composite layer, a secondary heat 

removal apparatus is used to slightly cool the core alloy and create a semi-solid interface to 

which a secondary alloy can bond to heterogeneously as shown in Figure 2.3(b) [8].  

Below is a step by step outline of the Novelis casting process from start-up to steady-state[10].  

i. The core alloy is sent into the mould where it freezes against the starting head of the DC 

mould and the secondary heat removal apparatus (Fig. 2.3(a)).  

ii. The DC casting commences and the starting block is lowered at the preset velocity. 

iii. The clad alloy is directed into the mould between the newly solidified interface beside 

the secondary heat removal apparatus and the DC mould (Fig. 2.3(b)). 

iv. The overall metal head, now a combination of both core and clad liquid alloy flow, is 

stabilized. 

v. The secondary heat removing system is repositioned so that the finished interface is 

parallel to the anticipated clad surface after scalping.  

vi. Process parameters are controlled during casting to ensure that the interface between 

the core and clad alloys remains accurately positioned and intact.  
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Figure 2.4: A step by step depiction of the Novelis Fusion
TM

 process [10]
 

 

After casting and homogenization of a Fusion ingot (Step One, Figure 2.4), hot/cold rolling and 

annealing  (Step Two, Figure 2.4) can be applied to reach the gauge and material properties 

desired by the customer.  The recipes used for the annealing are typically based on empirical 

knowledge of the core alloy, even though the behavior of the interalloy region and clad alloy 

might be quite different. 
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2.2 Recovery 

Prior to annealing, most sheet metals undergo extensive cold rolling to reach a final gauge which 

greatly enhances the materials strength through the accumulation and dynamic recovery of 

point defects and dislocations throughout the metal's lattice structure.  The self-stresses of the 

dislocations and point defects interact with each other during deformation which leads to 

pinning and forest interaction which slow the propagation of mobile dislocations, and 

subsequent formation of an organized, deformed structure.  During annealing, this highly 

deformed microstructure goes through a healing process where dislocations are eliminated 

through two distinct stages, the first of which is defined as recovery, and the second as 

recrystallization [11], [12].  Although recrystallization is not a topic of primary interest in this 

thesis it is necessary to define the term for the convenience of identifying when recovery may 

finish.  Recrystallization is known as the nucleation and growth of new strain-free grains in a 

cold-worked material by the movement of large-angle grain boundaries within the matrix.  

Recovery constitutes all the annealing phenomena seen before the onset and appearance of 

these new strain-free grains.  Often it is very difficult to distinguish where exactly the recovery 

portion of annealing ends and when recrystallization begins.  While recrystallization has been 

very widely documented (see Humpherys and Hatherly, 2004 [11] and Byrne, 1965 [12]) 

recovery remains more elusive.  This has been widely attributed to the fact that recovery plays a 

much less significant role in regards to the change in microstructure and mechanical properties 

[12].  The work of Averbach et al. [13] on gold-silver alloys shown in Figure 2.5 nicely illustrates 

how much larger a change is seen in recrystallization in comparison to that of recovery. In all 

three of these figures it can be assumed that recrystallization starts within the range of 200 and 

300°C.  
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Figure 2.5: Isochronal tests of 1 hour at different temperatures in 75Au-25Ag alloy filings (a) Plot of hardness versus 
annealing temperature; (b) Calorimetric values of stored energy; (c) Particle sizes and local strains. [13] 

While recovery does not play as significant a role in the property changes as recrystallization the 

effects of it cannot be declared negligible. It is also extremely important to remember that the 

driving force for recovery is the same as that of recrystallization.   This driving force is called 

stored energy and is introduced through the cold working of a material.  According to Byrne 

[12], when deformation occurs at standard temperature and pressure approximately 1% to 10% 

of the energy used to perform that deformation is retained in the material.  This energy is stored 

throughout several different defect structures such as elastic strains, dislocations, point defects, 

stacking faults, twins, ordered regions and precipitate [12].  During recovery thermal activation 

triggers a relaxation in the matrix caused by the rearrangement and annihilation of dislocations 

and point defects.  Because stored energy is the driving force of both recovery and 

recrystallization, to understand one you must also understand the other.  For example if a 

material is recovered through very gradual heating so that 90% of the stored energy is used-up 
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in this process then little energy will remain to drive the recrystallization process and will 

therefore require more thermal energy to promote nucleation. 

2.3 Recovery versus Recrystallization 

The distinction between recovery and recrystallization in the AA3003/AA6XXX FusionTM product 

was determined from previous experimentation at Queen's University.  In his work, Bag [14] 

used isochronal 2 minutes anneals at different temperatures along with hardness and full width 

half maximum (FWHM) measurements to map the annealing characteristics of this material.  

From his work it was deduced that recrystallization began to occur at approximately 300oC.  

Figure 2.6 shows the sharp drop in hardness and full width half maximum where recovery ends 

and switches to recrystallization. 

 

Figure 2.6: Temperature dependence of the recovery of the {220} and {311} pseudo-Voigt peak profile FWHM and 
Vickers micro-hardness in the inter-alloy region averaged over 7 measurements with sequential 2 minute anneals. 
[14] 
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In this thesis all heat treatments where chosen in regards to this 300oC transition temperature.  

Recovery temperatures of 175 and 205oC were chosen to ensure that no recrystallization would 

occur, while a recrystallization temperature of 565oC was chosen to simulate a continuous 

annealing and solutionizing heat treatment (CASH) commonly performed on automotive sheet 

products.  This is important because the onset temperature of recrystallization is difficult to 

define and can vary from alloy to alloy. 

2.4 Recovery Kinetics 

Historically the typical method for analyzing recovery has been the observation of a material's 

mechanical properties such as hardness and yield stress.  To comprehend the kinetics of 

recovery, the rate of change in a property from its cold-worked value to a new instantaneous 

value must be investigated.  When observing the evolution of one of these properties it is typical 

to see the rate of recovery following standard exponential or logarithmic decay.  This differs 

from recrystallization which exhibits an incubation period before any decay is seen.  A 

comparison of recrystallization decay versus that of recovery can be seen below in Figure 2.7. 

 

Figure 2.7: A) The typical rate of recrystallization showing an incubation period before logarithmic decay. B) Rate of 
recovery showing exponential decay. Adapted from Byrne [12] 
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In his book, Byrne neatly summarizes the mathematical evolution behind the rate of recovery 

[12].  For the purpose of discussing the mathematical modelling of recovery, the instantaneous 

value of some mechanical property, x, will be considered.  It was initially believed that recovery 

followed pure exponential decay and that this decay would be related to the instantaneous 

value of that property.  To produce this mathematical model a differential equation can be used 

and has been shown below in Equation 2.1. 

  

  
     

(2.1) 

where t is time, and k is a scalar constant which relates the rate of decay of x to its 

instantaneous value.  To manipulate the equation into a form which one can use to predict a 

new value of the mechanical property, x, it must be rearranged for integration. 

  

 
      

(2.2) 

Equation 2.2 can then be integrated on both sides to obtain Equation 2.3. 

             (2.3) 

where C1 is simply a constant produced from the integral.  Equation 2.3 can then be raised to 

the natural exponential to eliminate the logarithm and produce an equation with exponential 

decay. 

     
    (2.4) 

In this case k1 is equal to C1 raised to the natural exponential.  From experimental results data 

can be fit with this curve to determine the constants, and the relationship used to predict the 

recovery of property x after a time t.  While Equation 2.4 appears as a decent, yet crude model, 

it unfortunately does not follow real kinetic behaviour of recovery.  If Equation 2.1 were strictly 

obeyed then different specimens of different cold-worked histories should at a given 
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instantaneous value x have the same rate of decay during an isothermal annealing process at 

the same temperature.  Byrne explains that this however is not true, typically at any given value 

x the rate of decay dx/dt is less for the specimen that started with the greater amount of cold 

working at the start of the annealing process [12].  To deal with this factor a term must be 

included to account for these differences in cold-work and stored energy.  Byrne illustrates this 

mathematically by assuming that the recovery of property x depends on the intensity of the 

lattice imperfections [12].  K then, can represent the probability that a single imperfection 

disappears in a discrete unit of time (K=ke-(Q/RT)), which can then be substituted into the original 

decay relationship. 

  

  
   

 (
 
  

)
  

(2.5) 

Equation 2.5 appears identical to Equation 2.1 with the exception that K has been replaced with 

the new term described above.  In this equation Q represents the activation energy to annihilate 

an imperfection, R is the universal gas constant and T is the temperature of annealing.  

Rearranging the equation and integrating as before gives Equation 2.6. 

  (
  

 
)     

 (
 
  

)
  

(2.6) 

where x0 represents the initial cold work state.  It was later found that some recovery data was 

better fit by logarithmic decay.  The majority of this latter work was pioneered by Jacques 

Friedel in the 1950s and 60s and even today is the basis of many static recovery kinetic models 

[15].  At this time Friedel created a model revolving around the idea that dislocation annihilation 

during recovery was governed by thermally activated glide and cross-slip [15].  It had been 

suggested that the activation energy for these events was a function of the recovery property, x 

[16].  Friedel chose to incorporate the influence of the instantaneous value of the recovering 

property by writing the activation energy as shown in Equation 2.7 [15]. 
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         (2.7) 

where Q0 is the initial activation energy and C2 is a constant relating instantaneous value of 

property x to the activation energy.  The rate of recovery can then be written as Equation 2.8. 

  

  
    

 (
      

   
)
 

(2.8) 

where kb is Boltzmann's constant.  Equation 2.8 can then be integrated and rearranged into the 

logarithmic equation shown below. 

     
   

  
  (  

 

  
) 

(2.9) 

These older models are still used today almost half a century later.  

2.5 Modern Recovery Modelling 

While logarithmic decay is still the basis of much recovery modeling, advancements in 

instrumentation and measurement have allowed for many discoveries to be made in regards to 

the evolution of the microstructure during both deformation and annealing.  Increased 

computational abilities have also allowed models to be more and more complex while still 

revolving around the same principles that Friedel outlined in the 1950s.  In order to formulate a 

modern rate equation the correct rate-controlling mechanisms must be identified and 

quantified, this generally includes phenomena such as dislocation glide, climb and cross-slip as 

well as solute drag in solute containing alloys [17].  A large variety of different quantitative 

models have been developed, and more often than not the variables must be extracted 

empirically from the recovery of some material property.  Hardness in particular is perhaps the 

most popular fitting parameter.  This is a result of the difficulty observing dislocations motion 

during recovery.  Without the ability to see the dislocations motion many assumptions need to 
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be made which in turn leads to much debate.  As of today the two most popular models of 

recovery are by Nes [18] and Verdier[19].   

Nes delivers a very comprehensive summary of the different approaches to modelling in his 

1995 review of recovery [18].  The first model revolves around the idea of the dislocation 

network transitioning into a sub-grain, sub-boundary structure.  This model was constructed by 

Nes and is illustrated in Figure 2.8 [18]. 

 

Figure 2.8: Schematic illustration of the substructure evolution with increasing strain and annealing time. [18] 

As the annealing time is increased the dislocations rearrange themselves into more well defined 

sub-grains, these sub-grains also known as cells are separated by sub-boundaries of tangled 

dislocations in a process called polygonization.  This effect causes sub-grain growth after which a 

Hall-Petch type relationship occurs, where softening increases as the sub-grains become larger 

[20], [21].  Nes therefore argues that in order to construct a quantitative relationship in terms of 

a property (in Nes' case flow stress) and time, two separate contributors must be addressed: (i) 

the dispersed dislocation density, ρd(t), and (ii) the growing sub-grain /sub-boundary structure, 

δs(t). Equation 2.10 displays the general form of the model. 
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(2.10) 

where σ(t) is the flow stress, σ is the frictional stress, M is the Taylor factor, G is the shear 

modulus, b is the Burgers vector and  α1/α2 are constant values which proportion the effect of 

recovered work hardening compared to sub-grain growth.  These constants are calculated in a 

variety of different ways depending on the assumptions made regarding the growth of the 

cell/boundary structure.  While Nes describes many different cases of how to produce the 

constants in his review, along with a complete description of how to produce Equation 2.10, 

only the two most common methods of combining these elements will be discussed in this 

thesis [18].  

 

Figure 2.9: Schematic representing the 2 methods of approaching the distribution of dislocations, sub-grains and 
sub-boundaries [18] 

The first method is called a fractional approach and is illustrated in Figure 2.9(a).  In this model 

the microstructure can be considered at all times to be composite in nature consisting of a sub-

grain/sub-boundary structure with an average grain size, δs(t), surrounded by a dislocation 

density ρd(t).  This model is particularly useful for metals with medium to high stacking fault 
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energy where significant sub-grain growth appears to occur.  The constants α1 and α2 can then 

be calculated in a variety of different methods.  For example the contribution of work hardening 

could be partitioned by either taking the average dislocation density throughout the material or 

by noting the number of dislocations in the pile up regions of the sub-boundaries.  The second 

method is called a sequential approach and is seen in Figure 2.9(b).  The concept explores the 

idea that the transition during annealing could be a gradual movement from a uniform 

distribution of dislocations towards a cell structure.  This is particularly appropriate for metals 

with a low stacking fault energy where sub-grain formation appears to be delayed, with little 

growth.  For this model a transition function must be included into the calculation of constants 

α1 and α2.  This transition symbolizes the change from a uniform dislocation structure to the 

sub-grain/sub-boundary structure.  Unfortunately while it may seem that the best approach 

might be to combine these models and have a model, which begins as a sequential approach, 

and transitions to a fractional approach it is impossible.  This is because the assumptions used to 

produce the two equations reflect several significant differences, especially in the initial stages 

of recovery.  In most cases for aluminium the constants α1 and α2 range between 0.3-0.5 and 2-3 

respectively [17]. 

The second most dominate model was published by Verdier in 1999 as a single structure 

parameter model based on the overall dislocation density, ρ [22].  The mathematical 

formulation of this model follows the original logarithmic decay model of Friedel mentioned 

above.  Verdier chooses to use the instantaneous yield stress, σi, as the recovery property in his 

model and is given by the relaxation rate shown in Equation 2.11. 

   

  
  

      

 
   ( 

  

   
)      (

   

   
) 

(2.11) 
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where v denotes the volume of the elementary recovery event, vD denotes the Debye frequency, 

E is the Young's Modulus and α is a constant of the order of 0.3 for aluminium.  The dislocation 

density can then be substituted into the equation knowing that the relationship between yield 

stress and total dislocation density via forest type hardening in aluminium alloys is equal to 

Equation 2.12 and that G=3E/8 [23], [24]. 

      √  (2.12) 

After substitution a kinetic law in the same form as Equation 2.8, remains: 
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) 

(2.13) 

Equation 2.13 can then be rearranged, like Equation 2.8, into a logarithmic formula similar to 

Equation 2.9.  This model is slightly easier to implement because information of the cell 

structure is unnecessary. 

A less popular and poorly explained model is from Stüwe [48], and is an adaptation of a model 

by Li [25].  Unlike Nes and Verdier, Li's model considers dislocation density instead of flow stress 

as the recovering property.  Modeling an intrinsic property like dislocation density gives a more 

robust way to model recovery because it doesn't take into account any outside influences 

something that is untrue in recovery models based on properties like flow stress and resistivity.  

Because of these facts this thesis will focus on the modelling of recovery through dislocation 

density.  This can be accomplished in Nes' model by back tracking in his theory and making 

several easy modifications. 
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2.6 Critical Assessment of Literature Review 
As outlined earlier in this literature review the microstructural evolution of an alloy is a complex 

interaction between recovery, recrystallization and the initial deformed structure.  These 

phenomena can then be further convoluted with mechanisms such as precipitation, diffusion 

and texture variations.  While there is an extensive amount of literature discussing the thermal 

processing phenomenon of recrystallization there is much less investigation into that of 

recovery.  This is because of the very distinct property changes during recrystallization 

compared to the relatively subtle changes of recovery.  As a result many aspects related to the 

dislocation reactions during recovery are still poorly understood.  Even more concerning is the 

fact that the rate controlling mechanism of recovery has not yet been solidly established in 

either experimentation or modelling. 

Furthermore there is a large gap in the understanding of how recovery affects the 

recrystallization behavior of an alloy.  This subject has been touched on very briefly in models by 

authors such as Humphreys in his attempt to develop a unified theory of recovery and 

recrystallization based on the stability and growth of cellular microstructures.  This theory 

however still requires significant development before it can be proven and put into practice 

[26], [27].  

In addition to the lack of research in recovery and its kinetics the recent development of cast 

ingot cladding systems provides a wide range of research opportunities into the exploration of 

recovery and recrystallization in a cast clad alloy.  Owing to the perfect metallurgical bond 

between layers the alloying elements in both the clad and core material are able to diffuse 

through what has been termed the interalloy region, creating a chemical gradient across this 

area.  This chemical gradient has resulted in the interalloy region behaving very different when 

compared to the properties of either the monolithic clad or core material.  The electron back 
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scatter diffraction (EBSD) micrograph in Figure 2.10 below clearly shows one of the many 

differences in the interalloy region; in this case it can be seen that the labelled interalloy region 

is experiencing an early start to recrystallization compared to that of the bulk material.  It is 

important to remember that the primary objective of the present work was to discover a static 

recovery model that fits the interalloy region of a multilayer aluminum alloy based on the 

evolution of dislocation density through the collection isothermal and isochronal recovery data.  

This will be accomplished through a combination of experimental and micro-structural 

modelling of the behaviour of an AA6XXX/AA3003 Novelis FusionTM cast clad alloy. 

 

Figure 2.10: An EBSD micrograph displaying the heterogeneous recrystallization properties at the interalloy of a 
cast aluminum clad alloy after a 1h annealing treatment at 300

O
C [Jin. H, 2011] 

 

The ensuing chapters of this thesis describe the characterization, response and evolution of the 

microstructure and texture of a Novelis FusionTM rolled multi-layer alloy during static annealing.  

Transmission electron microscopy (TEM) was used to look at the deformation structure across 

the cross-section of the interalloy region, this structure is important to understand if a recovery 

model is going to model the dislocations in this structure. Isothermal annealing of samples was 
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conducted at temperatures of 175OC and 205OC to obtain X-ray line broadening measurements 

in the {311} and {220} directions allowing for the deconvolution of dislocation density.  These 

temperatures were chosen because they are both below the recrystallization temperature of 

this alloy, are both a high enough temperature to display the logarithmic decay of recovery in a 

suitable time frame during an isothermal anneal and are far enough apart to create two 

completely different plots.  Isochronal anneals were also prepared of samples for 2 minutes at 

temperatures ranging from 90OC to 391OC to once again obtain X-ray line broadening 

measurements in the {311} and {220} directions to achieve an understanding of the dislocation 

density during recovery and recrystallization.  These experiments were undertaken along with 

micro-indentation measurements of the cross-section of cold worked, recovered (2mins @ 

205OC) and recrystallized (2mins @ 565OC) Novelis FusionTM samples to obtain hardness and 

activation volume measurements through the interalloy region.  Finally micro-texture 

measurements were taken to discover whether or not it plays a role in the reason 

recrystallization occurs prematurely in the interalloy region.  Micro-texture measurements were 

used across the interalloy region of a sample with a sequential heat treatment of recovery then 

recrystallization compared to a specimen that has solely undergone the recrystallization 

treatment.  

In terms of modelling the goal is to develop a comprehensive, qualitative description of the 

recovery behavior within the interalloy region based on dislocation density.  The overall model 

will be constructed by adopting the concepts of previous literature such as zero incubation time 

and logarithmic decay.  These robust, well-used models will be coupled together with 

experimental data and well established physical theories in order to provide a realistic 

description for the complex recovery behavior occurring at the interface.  Validation of the 

model will be carried out by comparing model output with the x-ray line broadening 
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experimental data obtained from the inter-alloy region of the Novelis FusionTM material.  The 

present work hopes not only to develop a new model for recovery, but also provide evidence to 

the role of recovery on the characteristics of recrystallization, something that has not been well 

documented in the past.  This includes observations between the microstructural differences of 

a sample having undergone an extensive amount of recovery before recrystallization compared 

to that of a sample having undergone no recovery before recrystallization.  The premise of this 

experiment resides in the fact that the platform of recrystallization is set by that of recovery.  If 

samples undergo a varying amount of recovery this should alter how they respond during 

recrystallization as the sample having undergone recovery would have lost a larger amount of its 

stored energy, which is also the driving force of recrystallization. 
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Chapter 3 - Experimental Methodology  
The as-received material was provided by  Novelis Inc. Global Technology Center located in 

Kingston, Ontario, Canada in the form of a 4.3 mm thick hot-band, re-rolled clad aluminium alloy  

consisting of an AA6XXX core and an AA3003 clad which excited the tandem mill at a 

temperature of between 280-340oC as produced by Novelis Fusion.  This material was then 

subjected to sequential cold rolling and thermal annealing processes.  The microstructural 

parameters were examined extensively using x-rays, instrumented indentation, SEM and TEM.  

This chapter will provide a detailed description of the hardware and experimental procedure.  

3.1 Sample Preparation 
During the first step of sample preparation the as-received 4.3 mm thick re-rolled sheet was 

ground down on one side using SiC paper to expose the AA6XXX core (Fig. 3.3(a)), this allowed 

for the core-sub surface to experience the same subsequent deformation history as the clad-

core interface on the other side, allowing for a more accurate comparison of the monolithic 

AA6XXX recovery to the clad/core interface.  As previously mentioned, the single-sided clad alloy 

was then reduced by a four step cold-rolling reaching a final temperature of approximately 

60OC.  Both the clad and unclad surfaces were labelled to keep track of the surfaces during 

material handling.  Metallographic and conductivity tests were also used to ensure proper 

labeling.  During the conductivity test a current is passed through the surface of the material 

between two electrical leads, the different alloys have different resistivity's corresponding to 

the clad and core sides of the material.  A metallographic test can be applied by polishing the 

cross-section of the sheet, as the alloys contain different concentrations of precipitates the 

precipitate density can be used to indicate the side with the clad surface. 

 Several different sample coupons were then cut from both the original re-rolled and cold rolled 

materials, indentation samples were cut roughly 200 mm in length and 100 mm wide.  After 
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heat treatments (described in Section 3.3) these indentation samples were then cut in half 

widthwise and placed together clad side to clad side to as shown in Figure 3.1(b) to expose the 

sheets' cross section.  All indention samples were prepared this way save for two samples which 

were cut as 400 mm by 50 mm coupons and then bent into a hairpin to simulate the large 

strains that takes place at the crimped end of car hoods. The clad side was placed on both the 

inside (Figure 3.1(c)) and outside (Figure 3.1(d)) to simulate compression and tension, 

respectively. 

 

Figure 3.1: (a) Novelis Fusion
TM

 sample cold rolled with one side of the cladding removed. (b) Novelis Fusion
TM

 
sample cut in half and stuck together clad side on clad side. (c) Hairpin bent Novelis Fusion

TM
 sample with the clad 

side in. (d) Bent Novelis Fusion
TM

 sample with the clad side out. 

The surface preparation of aluminium is difficult due to its ductile nature and commonly results 

in deformation induced damage during mechanical polishing.  To overcome this difficulty a four 

step mechanical grinding and electrochemical polishing process was adopted.  In preparation for 

grinding the samples were embedded in a self-curing epoxy resin.  Polishing began with a four 
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step, water cooled process.  Grinding then started using a coarse 240 grit abrasive silicon 

carbide paper and moved through to the finer grit papers outlined in Table 3.1.  This 

"sandpaper" method was used to smooth out the sample surface and prepare them for further 

polishing on a cloth lapping wheel.  The cloth polishing used six m diamond particles 

suspended within the cloth covered wheel along with lubrication to mechanically remove the 

scratches produced by the grinding papers.  After all the SiC scratches had been removed a final 

mechanical polishing step was performed using 0.06 m colloidal silica.  This final step produced 

a mirror-like finish leaving little to no scratches.  During mechanical polishing approximately 

100-115 m of material was removed. 

Specimen surfaces were then further refined using an electrochemical polishing process to 

remove the thin damaged layer on the surface introduced by mechanical polishing, 

approximately 3-5 m.  Electropolshing used a mixture of 7-8% volume perchloric acid, 20% 

volume distilled H2O, 70% volume ethanol and a balance of ethylene glycol monobutyl ether as 

an electrolyte with a stainless steel cathode.  The sample served as the anode where oxidation 

occurred causing the surface of the sample to dissolve into the electrolyte.  The electrolyte and 

samples were kept below 258K to improve polishing.  Cooling was accomplished by submersing 

the samples and electrolyte in liquid nitrogen before polishing.  Samples were electropolished 

for 20 seconds at 20 volts resulting in a current density of approximately 5mA/mm2.  The 

majority of this polishing was accomplished using a Jean Wirtz apparatus.  The only exception 

was the SEM and TEM samples which were electropolished using a breaker method while the 

Jean Wirtz apparatus was being repaired/replaced. 
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Table 3.1: Summary of polishing steps 

Step Type Abrasive(size)/Electrolyte Time 

1 Abrasive Paper i) 240 grit SiC 
ii) 320 grit SiC 
iii) 400 grit SiC 
iv) 600 grit SiC 
(water cooled) 

Until desired 
thickness and 
surface uniformity is 
obtained 

2 Ultra-Pol Cloth 6 m diamond 
suspension 

Until all scratches 
from abrasive paper 
has been removed 
(approx. 20 minutes) 

3 Micro Cloth 0.06 m colloidal silica 
suspension 

Until mirror like 
finish is obtained 
(approx. 2 minutes) 

4 Electropolshing 78 ml perchloric acid  
120 ml H2O 
700 ml ethyl alcohol 
100ml butyl cellosolve 

20 seconds at 30V 
and -10oC 

 

Two TEM specimens were prepared from the as-deformed interalloy region using a focused ion 

beam (FIB) H-bar lift-out method.  The preparation of these TEM samples included rough milling 

at Queen’s with a Micrion 2500 and final thinning and lift-out done at CANMET MTL, Hamilton, 

Ontario using an FEI Helios NanoLab dual-beam SEM/FIB.  The rough milling job can be seen 

below in Figure 3.2. The samples were prepared so that the visible interface between the 

AA6XXX and AA3003 would be directly in the sample's center.  

The sample lift out was accomplished by holding the TEM specimen with an arm and then 

making cuts on either side of the milled area. The specimen removal can be seen in Figure 3.3, 

compared to Figure 3.2 the image has been tilted and rotated 90O counter clock wise. 
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Figure 3.2: SEM image of the two TEM lift out samples. ROI #1 and 2 correspond to the two milling area's as can be 
seen, both samples traverse directly across the visible interface. Milling is occurring in a direction normal of the 
page. 

 

Figure 3.3: Lift out after sample thinning. The sample edge can be seen on the right hand side of the image and the 
TEM specimen is being held by the FIB's manipulator (arm). 
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3.2 Heat Treatments 
The deformation and heat treatment schedules revolved around four studies, (1) a recovery 

schedule conducted by the author's predecessor, D. Bag; (2) a hairpin bend schedule conducted 

in a fluidized bed; (3) an as-deformed, recovered and recrystallized schedule to study the 

evolution of mechanical properties; (4) and a Continuous Annealing and Solutionizing Heat-

Treatment (CASH) simulation with and without pre-recovery.  Heating was performed in baths 

instead of open air furnaces to insure rapid and uniform treatments, this was especially 

important for micro-indentation where even the smallest change in the heat treatment 

conditioning could cause large variations within the measurement.  For the x-ray samples a 

water, silicone oil and salt bath was used for the respective temperature ranges of 0oC to 100oC, 

100oC to 230oC and 230oC respectively.  Temperature variations were measured with 

thermocouples and found to be ±2oC, ±0.5oC and ±0.1oC for salt, oil and water baths, 

respectively.  All other samples were heat treated exclusively in a salt bath or fluidized bed.  All 

heat treatments were ended by a quench into water kept at ambient temperature.  For 

mechanical testing, quenched specimens were kept in a freezer until testing was to be done. 

The raw isochronal and isothermal recovery x-ray data described above were supplied from a 

previous study at Queen's University by Bag [1].  Isochronal and isothermal annealing was each 

completed on separate, single specimens.  The isochronal specimens underwent a series of 

incremental temperature increases for two minutes at each temperature while the isothermal 

tests where heated at either 175oC or 205oC for a series of incrementally increasing periods of 

time.  The x-ray line profiles were then collected at room temperature after each annealing step. 

The shape of these samples were the simple epoxy-free specimen shown in Figure 3.1a. 

Indentation samples, shown in Figure 3.1b, were conditioned into four separate states, the 
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initial re-rolled state with a 4.3mm thickness, a cold rolled state of 1.2mm, a recovered state 

(cold rolled and heat treated for 2 minutes at 205oC), and finally a recrystallized state (cold 

rolled heat treated for 2 minutes at 565oC).  Instrumented indentation measurements were then 

taken across the clad/core interface for each of the four samples.  Hair-pin-bent indentation 

samples were also prepared as shown in Figure 3.1c and Figure 3.1d. The hair-pin samples were 

annealed in a fluidized bed to simulate the CASH annealing process. Lastly the TEM samples 

underwent no annealing procedures and were studied in the as-deformed state.  

The last set of samples prepared were SEM samples used to study the influence of recovery on 

CASH recrystallization. In this experiment two samples similar to Figure 4.3a were prepared; one 

sample was recovered at 205oC for 200 minutes and then recrystallized at 565oC for two 

minutes, while the other sample solely received the recrystallization treatment for two minutes 

at 565oC.  The 200 minute recovery at 205oC was chosen according to Figure 2.6 , which displays 

that recrystallization occurs around a temperature of 300oC after two minutes. It was imperative 

in the study to insure that no recrystallization took place during the recovery treatment. As a 

precaution the lower 205oC was chosen and a time-temperature relationship was used to 

convert all sequential anneals below 300oC into a single temperature anneal.  These samples 

could then be compared against each other to discover the differences between recrystallization 

with or without recovery to discover how recovery affects recrystallization in this material.  

Table 3.2 below displays a summary of all the samples, along with their respective annealing 

treatments. 
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Table 3.2: Sample Summary 

Specimen Type Characterization Heat Treatment Sample Shape 

Indentation - Hardness 
measurements 
(instrumented micro-
indentation) 
-Chemistry 
measurements (EDX) 

- As Received (Hot band) 
- As Deformed (Cold rolled) 
- Recovered (Cold rolled and 
aged for 2 minutes at 205oC) 
-Recrystallized (Cold rolled 
and aged for 2 minutes at 
565oC) 

-Figure 4.3b 

Bent Sample -Hardness 
measurements (micro-
indentation) 

As Deformed -Figure 4.3c 
-Figure 4.3d 

X-Ray Sample - X-ray diffraction 
- Chemistry 
measurements 
(GDEOS) 

- Isochronal (2mins in oC): as 
deformed, 90, 135, 160, 185, 
205, 235, 268, 292, 309, 330, 
351, 371, 391 
- Isothermal (175oC in 
seconds): as deformed, 15, 
35, 70, 120, 420, 1362, 3169, 
5569, 8569 
- Isothermal (205oC in 
seconds): as deformed, 10, 
30, 65, 105, 505, 1000, 2000, 
3200, 5700, 8563 

-Figure 4.3a 

TEM Sample - Imaging  
-Diffraction 

- As deformed  

CASH Simulation 
SEM Samples 

- Imaging 
- EBSD 

- Deformed, recovered at 
205oC for 3.3hrs then 
recrystallized at 565oC for 2 
minutes 
- Deformed then 
recrystallized at 565oC for 2 
minutes 

-Figure 4.3a 

 
 

3.3 Direct Microstructural Imaging 
Direct microstructural imaging was accomplished using optical microscopy, scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM).  The SEM and microtexture 

observations used a JEOL JSM-840 electron microscope.  Images were taken in both secondary 

electron (SE) and electron channeling contrast (ECC) modes with 10kV, 6nA probe current, and 
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working distance of 10mm.  Microtexture measurements were made at 20kV accelerating 

voltage, 25mm working distance and 6nA probe current using the CHANNEL 5 software to 

hardware interface.  Microtexture data was then analyzed using CHANNEL 5 software.  The TEM 

of the as-deformed interalloy region was made in Philips CM-20 operating at 200 KV with the 

specimen mounted in a double-tilt holder. 

3.4 Micro-Indentation (Hardness Measurements) 

Instrumented indentation measurements were made using a custom-built displacement 

controlled, micro-indenter[2]. This instrument was fitted with a two-dimensional, computer 

controlled stepping-motor stage allowing for motion in both the vertical and horizontal 

directions.  A micrometer screw gauge was also attached to the stage to drive it in the other 

horizontal direction giving the stage three planes of motion.  Samples were securely fastened to 

the stage with two screws traversing through the epoxy puck.  The indenter was then moved 

into an untouched, polished region of the sample.  The stage was raised until the indenter was 

hovering immediately above the sample.  A Berkovich tipped diamond indenter was mounted 

on load cell (1g accuracy) and driven by a piezoelectric transducer (1nm accuracy) under 

displacement control at 0.05m/s with a data collection rate of 20Hz.  A precise strain rate 

change of 1/10 from the base rate was also applied during experimentation to measure the 

strain rate sensitivity.  The data generated by the instrument is in the format of load versus 

penetration depth as shown in Figure 3.4.



P a g e  | 41 

 

 
 

 

Figure 3.4: Data as is collected by the instrumented indenter. Cold rolled, recovered and recrystallized samples of 
6111 bulk. Deeper penetration for the same 5-gram load symbolizes a lower hardness.

Further data analysis was then conducted through Origin 7 and Excel.  Two points were chosen 

off a time scaled graph similar to Figure 3.5, the first point corresponding to the strain rate 

change and the second the point of unloading. 

 

Figure 3.5: Load vs. Time graph, red vertical lines symbolize the loading rates, load and depth were noted at each of 
the four labeled times (exaggerated load drop). 
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In Figure 3.5 the first of these two points (the strain rate change) can be seen at 28.15 seconds 

while second point (the point of unloading) is at 46.55 seconds.  Both the load and penetration 

depth were noted at these points along with the load drop (shown at 28.95 seconds), loading 

rate and unloading constant, S (see Figure 3.6 for details).  The load and depth measurements 

were needed to calculate the hardness, while the load drop during the strain rate change was 

necessary for the strain rate sensitivity calculations.  Lastly the loading rate and unloading 

constant were taken to subtract out the elastic influences on both measurements. 

 

Figure 3.6: Load vs. displacement into material, unloading slope (S) to be used to correct for the elastic strain built 
up with the sample. [3]
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Hardness, H, can then be calculated using Equation 3.1, which is a simple division of load (P) by 

surface area (A) [4]. 

  
 

 
 

(3.1) 

It is therefore necessary to know the surface area displaced by the indenter.  

 

Figure 3.7: The tip-geometry of the conventional pyramid indenters (a) Vickers and (b) Berkovich [5] 

The geometry of a Berkovich tip is shown in Figure 3.7.  The Berkovich tip is much more 

preferable to others in micro and nano-indentation due to the specific geometry of a trihedral 

allowing for much easier machining to a sharp tip than a tetrahedron of similar proportions.  The 

equation to calculate the area produced by a Berkovich tip is [5] 

         (3.2) 
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where d is the depth of penetration.  The strain rate sensitivity during indentation was 

measured as well.  This was accomplished by using a strain rate change factor of 0.1 at a load of 

approximately 2.5g in all samples, as seen in Figure 3.5 at a time of 28.15s.   At this time the 

strain rate sensitivity is calculated from the corresponding drop in hardness for applied change 

in strain rate shown in Equation 3.3 [3].  Strain rate sensitivity of the hardness is an important 

parameter which gives information about the rate dependence of the microstructural elements 

controlling plasticity, such that 

     
  

         
 

(3.3) 

where H is the change in hardness (shown in Figure 3.6), T is the temperature and  is the 

strain rate. 

3.5 X-Ray Line Broadening (Dislocation Density Measurements) 

To determine the dislocation density of a sample four steps are necessary.  

i) Firstly, the line profile measurements must be taken using an x-ray diffractometer.  

ii) The peaks measured by the x-ray diffraction must be fit with a theoretical curve to allow 

for mathematical manipulation.  

iii) A modified Williamson-Hall (MWH) plot must be produced. 

iv) From the slope of the MWH plot a dislocation density can be obtained.  

In modern line broadening analysis of  powders or random textured materials it is necessary to 

obtain as many different peak measurements as possible (five or more, preferably) to 

deconvolute the dislocation density [6].  However, in this thesis the material's texture limited 

the number of measurable peaks there a new method of deconvolution had to be used.  This 
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method several assumptions were made to extract dislocation density from just two broadening 

peaks (these assumptions will be discussed later). 

As previously mentioned in Section 3.3, X-ray peak measurements were taken on specimens 

throughout a series of isothermal and isochronal annealing processes.  These measurements 

were taken on a Rigaku model RINT 1000 X-ray diffractometer with a Cu target operating at 

1.4kW [1].  2θ intensity measurements were carried out to determine the Bragg position, θB, 

from grains with their {220}, {311}, {222} and {400} planes parallel to the diffraction surface.  

Unfortunately, only the {220} and {311} data could be analyzed because the peak fitting 

software used in this study to determine the pseudo-Voigt parameters required peaks with 

relatively high intensities, something the {222} and {400} directions did not produce due to the 

deformation texture.  In these measurements a single graphite monochromator was used to 

remove the Kcomponent of the peak and signal detection was achieved using a scintillation 

detector count for every 0.02o of 2θ.  

 

Figure 3.8: Plot of x-ray intensity vs. angle, the blue lines refer to the data outputted while the yellow shows the 
fitted pseudo-Voigt function. The second plot displays the residuals of the fit compared to the original data. 
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The machine therefore outputted a K1/K2 doublet, as shown in Figure 3.8, of intensity versus 

the 2θ position as a single monochromator is unable to remove the K2 wavelength.  This data 

was then analyzed with a custom-made pseudo-Voigt peak fitting program.  The form of a Voigt 

function is simply the line profile resulting from the convolution of two broadening 

contributions: one of these contributions would produce a Gaussian profile while the other 

would produce a Lorentzian (Cauchy) function.  For the sake of simplicity a pseudo-Voigt 

function was used which is an approximation of a Voigt function where both a Gaussian and 

Lorentzian function are combined linearly allowing for easier deconvolution [7].  Two of these 

pseudo-Voigt functions were used in the fitting algorithm, the first function was used to fit the 

K1 component and the second to fit the K2 component.  The program was then able to remove 

the K2 component leaving a sole K1 peak.  The different fitting parameters of the K1 peak could 

then be analyzed, including the two most important variables, the full width half maximum 

(FWHM) of the Gaussian functions and centroid of the peak (Bragg Angle, θB).  This is one of the 

most common methods of describing x-ray diffraction peaks, as an empirical function is much 

more reliable and reproducible then graphical methods.  The form of the pseudo-Voigt function 

used in this study can be seen below in Equation 3.4.  

    (
 √           

              
 

  
 

  √ 
 

    

           
    

  
) 

(3.4) 

where, I is the x-ray diffraction Intensity, a1 is the area under the peak, a2 is the weighting factor 

between the Gaussian and Lorentzian functions, a3 is the FWHM of the Gaussian function, a4 is 

the centroid of the peak (the Bragg angle which is assumed to be the same for both the 

Gaussian and Lorentzian function) and finally a5 is the FWHM of the Lorentzian function.  All of 
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the fitting parameters, a1 through to a5 were solved empirically and outputted by the fitting 

software.  

To facilitate the analysis, several assumptions were made, the first of which was that in a single-

line analysis the Cauchy (Lorentzian) component of the Voigt profile is due solely to the 

crystallite size and that the Gaussian contribution therefore arises from the strain in the 

microstructure, this was deduced by Langford in 1978 [8], [9].  Langford also outlined the 

importance of including the contribution of instrument broadening when analyzing a line profile. 

Langford explained the concept that the measured line profile (h) was the convolution of the 

standard instrument profile (g) and the microstructurally broadened profile (f) [9].  Which he 

displayed as, 

      (3.5) 

where the profiles h, g, and f could represent the Voigt profile or either of the individual 

Cauchy/Gaussian profiles.  It is therefore necessary to determine the instrument broadening (g) 

and subtract this from the overall measured profile (h) to determine the portion of broadening 

attributed to the microstructure (f).  To accomplish this fitting, a fully recrystallized 

microstructure was used as the standard Voigt profile (g) created by instrument broadening.  

The final Gaussian components of both the measured profile and standard profile deduced by 

the software were subtracted according to a formula created by Langford shown in Equation 3.6 

[9]. 

(  
 
)
 
 (  

 )
 
 (  

 
)
 
 (3.6) 

where  is the integral breadth of the profile.  The program however outputs the FWHM, and 

not the integral breadth, so it is necessary to use Equation 3.7, which relates the FWHM of a 

Gaussian function to its integral breadth.  
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(3.7) 

where 2wg is the FWHM of a Gaussian function.  After isolating the Gaussian integral breadth a 

modified Williamson-Hall plot had to be constructed.  In the early 1950s, Williamson and Hall 

were the first authors to develop a convincing theory to explain the contributions of strain and 

particle size occurring simultaneously in x-ray line broadening [10].  Since the first report of line 

broadening by Van Arkel in 1925 debates had raged between the hypothesis of broadening due 

to internal lattice strains versus broadening due to particle size [10], [11].  At the time of 

Williamson and Hall's paper most published work supported the view of broadening due solely 

to lattice strain, with a small faction in support of the contention that some of the broadening 

was due to particle size [10], [12].  Through Williamson and Hall’s research [10] and the later 

contributions of Warren and Averbach [11], methods became available to separate the effects 

of strain and particle size [10], [12]. Williamson and Hall suggested that the FWHM of an x-ray 

line profile could be written as [6]:  

   
   

 
     

(3.8) 

where KD is the strain contribution to line broadening and D is the average grain or particle 

size, K = 2sin/ and K = 2cos()/.  θ and are the diffraction angle and the wavelength of 

the x-rays, respectively.  In what is known as a conventional Williamson-Hall plot it is assumed 

that KD is either a linear or quadric function, and can be shown when strain is cause by 

dislocations in the following form [6]:  

                       (3.9) 

where A and A' are parameters determined by the effective outer cut-off radius of dislocations, 

Re, and auxiliary parameters R1 and R2 which are not interpreted physically but as the real part of 
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the Fourier coefficients of a line profile.  For more information regarding the calculation of A and 

A' please reference Ungár's 1988 and 1989 papers on asymmetric x-ray line broadening [13], 

[14].  Lastly * refers to the "formal" dislocation and Q* is related to the two-particle correlation 

in the dislocation ensemble, which, in the simplest case can be given as the fluctuation of 

dislocation density.  The formal and true values of dislocation densities and correlation factors, 

*,  and Q*, Q, respectively, are related to each other by Equation 3.10 and Equation 3.11. 

   
        ̅ 

 
 

(3.10) 

   
        ̅ 

 
 

(3.11) 

where b is the Burgers vector of dislocation,  ̅ is the average contrast of dislocations in the case 

of a particular Bragg reflection g and is a fundamental parameter which describes the strength 

of line broadening caused by different types of dislocations [6].  The addition of this variable into 

classical methods of line profile analysis shows considerable improvements and therefore has 

been renamed as the modified Williamson-Hall (MWH) analysis given by Equation 3.12 [6]  

   
   

 
 (

     

 
)

   

      ̅        ̅      
(3.12) 

where M is a constant depending on the effective outer cut-off radius of dislocations and O 

indicates non-interpreted higher order terms involving distribution of dislocations throughout 

the microstructure (Q).  This equation has been shown to accurately fit the line broadening data 

of many different reflections by Ungár and Borbély as illustrated in Figure 3.9, and thus extract 

information on complicated microstructures.  
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Figure 3.9: The FWHM according to the modified Williamson-Hall plot created by Ungár and Borbély and depicted 
in Equation 4.12. The linear fit depicts the analysis used in this thesis. [6] 

In the current analysis however a linear approximation of this curve is used,  so that the final 

term in Equation 3.12 can be dropped.  Also, the first term of Equation 3.12  representing the 

particle size effects can be dropped since we are using Langford's theory in which the Gaussian 

profile of the Voigt function represents solely the contribution of line broadening.  This leaves 

Equation 3.13 which is required to pass through the origin of the MWH plot. 

   (
     

 
)

   

      ̅    
(3.13) 

Therefore, from a plot of the integral breadth in reciprocal space, K, against KC1/2 and knowing 

the value of constants M and b for aluminum as 2.5 and 0.286nm, respectively, the dislocation 

density () can be found from Equation 3.14. 
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(3.14) 

In Equation 3.14 the Burgers vector was calculated knowing that the lattice parameter of 

aluminium is 4.05Å and assuming that as an FCC material that solely the {111} <110> slip system 

family are activated,  

‖ ‖  
 

 
√         (3.15) 

where a is the lattice parameter and {hkl} are the Miller indices of the slip plane normal.  The 

average contrast factor,  ̅, can be calculated using Equation 3.16 as a function of the anisotropic 

elastic constants of a material.  This contrast factor is a necessary parameter to determine the 

dislocation density because diffraction broadening depends not only on the population of 

dislocations in the material but also the dislocation type, which varies according to the 

orientation of its Burgers vector and dislocation line direction.  These relationships were 

developed by Ungár et al. in 1999 and supply the average contrast factor as a linear function of 

the fourth order invariant of the Miller indices, {hkl}, of different reflections [15]. Equation 3.16 

displays the calculation for these factors, 

 ̅    ̅          (3.16) 

where  ̅    is the average contrast factor for the {h00} reflection, H2 denotes the fourth-order 

invariant of the {hkl} reflection and q is a constant based on the materials elastic constants.  

Each individual term  ̅   , H2 and q can be determined respectively by Equations 3.17, 3.18, and 

3.19. 

  ̅    [     ( 
  

 
)]        

(3.17) 
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(3.19) 

where a, b, c and d are constants dependent on the crystal system, elastic constants, and the 

type of dislocation (screw and edge).  In this analysis it was assumed that the number of screw 

dislocation equaled that of edge dislocation.  Finally, Ai is the elastic anisotropy  

Ai = 2c44/(c11-c12) (3.20) 

where for aluminum the elastic constants are c11 = 107.3GPa, c12 = 60.9GPa and c44 = 28.3GPa. 

With these values the elastic anisotropy and constant ratio were found to be: 

Ai = 1.2198 and c12/c44 = 2.1519 

Together using these values along with the constants a, b, c and d provided by Ungár et al. the 

average contrast factors for the {200} and {311} directions are calculable as C200 = 0.152 and C311 

= 0.166, respectively.



P a g e  | 53 

 

 
 

References 

[1] D. Bag, “Static Recovery of a Clad Aluminium Alloy After Cold Rolling,” Queen’s 

M.A.Sc. Thesis, 2011. 

[2] W. R. Newson, B. J. Diak, and S. Saimoto, “Micro-indentation Using Strain Rate 

Sensitivity to Examine Deformation of Polymeric and Metallic Surface Layers,” Thin 

Films: Stresses and Mechanical Properties VI, vol. 436, no. MRS Symposium, pp. 

359–364, 1997. 

[3] W. C. Oliver and G. M. Pharr, “Measurement of hardness and elastic modulus by 

instrumented indentation: Advances in understanding and refinements to 

methodology,” Journal of Materials Research, vol. 19, no. 01, pp. 3–20, Mar. 2011. 

[4] D. Bag, B. Diak, and H. Jin, “Recovery Behaviour at the Inter-alloy Region of a Cold 

Rolled Clad Aluminum Alloy,” THERMEC, 2011. 

[5] F. Yang and J. C. M. Li, Micro and Nano Mechanical Testing of Materials and 

Devices. Springer, 2008, p. 31. 

[6] T. Ungár and A. Borbely, “The effect of dislocation contrast on x-ray line broadening: 

A new approach to line profile analysis,” Applied Physics Letters, vol. 69, no. 21, pp. 

3173–3175, 1996. 

[7] R. W. Cheary and a. Coelho, “A fundamental parameters approach to X-ray line-

profile fitting,” Journal of Applied Crystallography, vol. 25, no. 2, pp. 109–121, Apr. 

1992. 

[8] T. H. de Keijser, J. I. Langford, E. J. Mittemeijer, and A. B. P. Vogels, “Use of the 

Voigt function in a single-line method for the analysis of X-ray diffraction line 

broadening,” Journal of Applied Crystallography, vol. 15, no. 3, pp. 308–314, Jun. 

1982. 

[9] J. I. Langford, “A rapid method for analysing the breadths of diffraction and spectral 

lines using the Voigt function,” Journal of Applied Crystallography, vol. 11, no. 1, pp. 

10–14, Feb. 1978. 

[10] G. K. Williamson and W. H. Hall, “Discussion of the Theories of Line Broadening,” 

Acta Metallurgica, vol. 1, no. January, pp. 22–31, 1953. 

[11] A. Van Arkel, “Over de deformatie van het kristalrooster van metalen door 

mechanische bewerking,” Physica, vol. 5, p. 208, 1925. 

[12] B. E. Warren and B. L. Averbach, “The Effect of Cold-Work Distortion on X-Ray 

Patterns,” Journal of Applied Physics, vol. 21, no. 6, p. 595, 1950. 



P a g e  | 54 

 

 
 

[13] I. Groma, T. Ungár, and M. Wilkens, “Asymmetric X-ray line broadening of 

plastically deformed crystals. I. Theory,” Journal of Applied Crystallography, vol. 21, 

no. 1, pp. 47–54, Feb. 1988. 

[14] T. Ungár, I. Groma, and M. Wilkens, “Asymmetric X-ray line broadening of 

plastically deformed crystals. II. Evaluation procedure and application to [001]-Cu 

crystals,” Journal of Applied Crystallography, vol. 22, no. 1, pp. 26–34, Feb. 1989. 

[15] T. Ungár, I. Dragomir, Á.  ;. Révész, and A. Borbély, “The contrast factors of 

dislocations in cubic crystals: the dislocation model of strain anisotropy in practice,” 

Journal of Applied Crystallography, vol. 32, no. 5, pp. 992–1002, Oct. 1999.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



P a g e  | 55 

 

 
 

Chapter 4 - Experimental Results 
In chapter four the experimental results are presented in five separate sections beginning with 

Section 4.1 which describes the sample chemistry. The chapter then proceeds to Section 4.2 

describing the deformation structure investigated through TEM.  The x-ray peak profile analysis and 

dislocation density calculations produced from the isothermal and isochronal anneals in the core 

AA6XXX material and interalloy region will be discussed in Section 4.3.  Section 4.4 investigates the 

progression of hardness during annealing while Section 4.5 does the same for the strain rate 

sensitivity and activation volume.  Finally, Section 4.6 displays the differences in a recovered then 

recrystallized sample to one that has only undergone recrystallization.  

4.1 Material Chemistry and Cold Working 
The core material of the clad alloy studied was an experimental 6000 series alloy, hence the AA6XXX 

designation, clad with an AA3003 layer on both sides.  The chemical composition of both these alloys 

is listed below in Table 4.1.  

Table 4.1: Chemical composition of AA6XXX and AA3003 (wt%) 

Alloy Mg Cu Si Mn Fe Al 

AA6XXX 0.4 0.49 1.2 0.14 0.2 Balance 

AA3003 N/A 0.12 N/A 1.2 N/A Balance 

 

After receiving the re-rolled material a series of manufacturing processes were undertaken, this 

included a cold rolling process of 73%, translating into a final thickness of 1.2 mm.  Rolling occurred 

at ambient temperature, however deformation during the rolling process caused the sheet to reach 

a final temperature of 60oC.  At this scale the cladding was found to have a cross-sectional thickness 

of approximately 125 m.  A magnified optical image of the sheet core and cladding can be seen in 

Figure 4.1 below.  
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Figure 4.1: Optical microscopy of an electro polished Novelis Fusion
TM

 aluminum alloy. A visible interface can be seen 
between the core and clad alloys with the clad having a thickness of approximately 125 micrometers. 

 

Figure 4.1 also shows a visible interface between the two alloys, in reality however, the transition 

between alloys is much more subtle.  A region approximately 30 m wide, 15 m on either side of 

the visible interface creates what is termed the inter-alloy region.  This region has been produced by 

diffusion occurring between the two alloys during casting, homogenization, and deformation.  The 

existence of this inter-alloy region was first hypothesized after initial instrumented indentation 

measurements through the sheets cross-section discovered a relatively large gradient in the 

hardness.  Chemistry measurements using Glow Discharge Optical Emission Spectroscopy (GDOES) 

along with Energy Dispersive X-Ray Spectroscopy (EDX) were then used to confirm the existence of 

the gradient through the interface.  Figure 4.2 shows the combination of these results, the lines 

represent the GDOES results while the dots represent EDX measurements.  
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Figure 4.2: Chemical composition of the Novelis Fusion
TM

 through thickness, inter-alloy region ranges from 90-120m. 
Lines indicate the data acquired through GDEOS measurements, while points represent the data collected from EDX 

Displaying both data sets on the same graph helps identify which alloying elements are contained in 

solution versus those that are contained in precipitates.  The GDOES results show the overall 

composition throughout the entire cross section.  This is because during a GDOES examination a 

large portion of the sample surface area is analyzed unlike EDX where no more than a couple 

micrometers of area is analyzed.  This results in the EDX picking up local measurements only, 

allowing it the possibility of missing or picking up microstructural anomalies such as precipitates, etc.  

4.2 Deformed Structure 
The as-rolled alloy represents the starting point of subsequent recovery.  Close examination of the 

as-rolled interalloy region by TEM gives a qualitative idea of the dislocation content.  Figure 4.3 

shows a low magnification bright field transmission electron micrograph from the 20 µm long lift-out 

around the AA3003/AA6XXX interface indicated by the arrows.   The microstructure is characterized 

by elongated cells perpendicular to the compression direction. 
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Figure 4.3: Brightfield TEM micrograph of the rolling direction cross-section from the FIB lift-out showing the inter-alloy 
region.  The blue arrows indicate the approximate location of the visible interface and both the core and cladding have 
been labeled as AA6XXX and AA3003, respectively. 
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Figure 4.4: The standard diffraction pattern for an fcc crystal in the [112] beam direction. Ratios of the principal spot 
spacings are shown as well as the angles between the principal plane normals. 

This region has a strong {110} <1-12> brass texture, so that the TEM imaging was done with a beam 

orientation along the [   ̅] zone axis.  The standard diffraction pattern of this beam orientation is 

shown in Figure 4.4 along with the labelled reflections produced by the diffracting planes.  Tilting 

allows access to the (111), (220) and (113) reflections.  For all of the TEM figures a g vector has been 

added to help understand the distribution of dislocations throughout the imaged grains.  While the 

images do not provide the exact ratio of screw dislocations to edge dislocations nor the precise 

dislocation density, it does help qualitatively illustrate these characteristics. 

The dislocations images shown in Figure 4.5 are in a weak-beam condition and appear to have an 

equal distribution of dislocations with varying Burgers vectors in both the interalloy and AA3003 

regions.  

The variation is deduced by looking at Figure 4.5(d) through (i) and realizing that regardless of the g 

vector it appears as though there is always the same approximate number of dislocations in the grain 

of interest.  This is true for all cases except in the AA6XXX core where Figure 4.5(c) seems to be 
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different from Figure 4.5 (a) and (b) where it is possible to notice a fairly substantial decrease in 

dislocation density.  This variance could be due to a number of different reasons, with one possibility 

being that the dislocation density changes through the thickness.  

 

Figure 4.5: (a), (b), (c) Three TEM images displaying a single grain in the AA6111 region under three different g vector 
diffraction conditions. (d), (e), (f) Three TEM images displaying a single grain in the interalloy region under three 
different g vector diffraction conditions. (g), (h), (i) Three TEM images displaying a single grain in the AA3003 region 
under three different g vector diffraction conditions.  
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4.3 Line Broadening and Dislocation Density 
The recovery kinetics of the microstructure were measured using the evolution of the X-ray 

broadening parameters during isochronal and isothermal heat-treatments.  Figure 4.6 and Figure 4.7 

were produced by Bag during his data collection clearly shows the evolution of x-ray peaks during 

annealing [1].  His example displays the results for isochronal annealing at varying temperature 

however the same trend will be seen in isothermal annealing as well under a varying time span. 

These fits were recalculated using greater numeric iterations to produce a more accurate 

representation and then examined with the modified Williamson-Hall analysis described in Section 

3.6.  An example of the modified Williamson-Hall plots is shown in Figure 4.8, where a gradual 

decrease in slope corresponds to a decrease in dislocation density. 

 

Figure 4.6: The {220} pseudo-Voigt X-ray line profile of the K1 peak in reciprocal space in the core AA6XXX material in 
the as deformed state, 205

O
C at 2 minutes, 355

O
C at 2 minutes 
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Figure 4.7: The {220} pseudo-Voigt X-ray line profile of the K1 peak in reciprocal space in the clad AA3003 material in 
the as deformed state, 185

O
C at 2 minutes, 330

O
C at 2 minutes 

 

 

Figure 4.8: A plot of the modified Williamson-Hall Analysis for the isothermal annealing of the core region displaying at a 
temperature of 175

o
C and nine sequential times. The error bars correspond to the 95% confidence level of the 

broadening fit. The straight line fits are forced through the origin. 
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As can be seen the line profiles have been normalized by their maximum intensity, without this 

normalization the profiles measured after higher temperature annealing would display a much lower 

intensity.  As for the broadening it can be seen that the as deformed sample displays the widest full 

width half maximum, as the sample recovers further and further the peak gets sharper.  As 

previously mentioned this decrease in FWHM corresponds to a relaxation of strain which is caused 

by dislocation annihilation.  To model the recovery in the interfacial region of this alloy it is 

important to capture the evolution of the dislocation density.  In this thesis the evolution was 

captured under both isochronal and isothermal conditions using the {220} and {311} diffraction 

peaks in the line broaden procedure described in Section 3.6.  The procedure was performed on the 

interalloy region and the AA6XXX core material as well so that comparisons could be made. 

 

Figure 4.9: Evolution of dislocation density in the AA6XXX/AA3003 interalloy region and AA6XXX core material measured 
from the {220} and {311} peaks under 2 minute isochronal conditions. 
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Above, Figure 4.9 shows the evolution of dislocation density in a single sample after sequential 2 

minute heat treatments at a variation of temperatures. X-ray measurements were taken in between 

heat treatments after quenching in water. 

 

Figure 4.10: The dislocation densities calculated by Wang et al. in Al-2.9wt%Mg-0.4wt%Cu-0.25wt%Mn alloy subjected to 
3 cold rolling reductions, estimated by the Taylor model (dashed line), simplified self-consistent model (solid line) and 
TEM (error bars).  

Figure 4.9 demonstrates several significant trends, the first being that after rolling the dislocation 

density seems to start in the range of 7x1014 to 12x1014 dislocations per meter squared.  This 

dislocation density is within the range observed by Wang et al. [2]for cold rolled Al-Mg-Cu-Mn alloys 

(Figure 4.10) remembering that the Novelis FusionTM alloy used in this thesis was reduced by 72%.  

As can be seen the FusionTM alloy shows a slightly higher dislocation density then what Wang et al. 

predict however this can be attributed to a variety of small differences such as the slightly varying 

chemical concentrations between the alloys being measured, and the expected difference in strain 

tensor closer to the surface.  Furthermore it can be seen that the as-rolled dislocation density in the 
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AA6XXX core material is higher than that of the AA6XXX/AA3003 inter-alloy region.  Figure 4.9 also 

nicely displays the start of both recovery and recrystallization.  In this case it appears as though 

recovery begins at a lower temperature in the core AA6XXX material while recrystallization occurs at 

a lower temperature in the inter-alloy region.  It has been hypothesized that this is due to the fact 

the stored work after recovery is more greatly decreased in the AA6XXX than the inter-alloy region 

which could be used to initiate recrystallization. 

Isothermal tests were performed as a series of sequential timed treatments. Samples were held at 

either 175 or 205°C for a specified amount of time. Samples were then quenched and X-ray 

measurements were taken.  After the measurements were taken the samples were further aged at 

the same temperature and the process was repeated.  Figure 4.11 and Figure 4.12 show the results 

of these experiments.  

 

Figure 4.11: Evolution of dislocation density in the AA6XXX/AA3003 inter-alloy region calculated from the {220} and 
{311} peaks under 175

O
C and 205

O
C isothermal conditions. 
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Figure 4.12: Evolution of dislocation density in the AA6XXX core calculated from the {220} and {311} peaks under 175
O

C 
and 205

O
C isothermal conditions. 

 

Figure 4.13: Log-log plot of the evolution of dislocation density in the AA6XXX/AA3003 inter-alloy region calculated from 
the {220} and {311} peaks under 175

O
C and 205

O
C isothermal conditions. 
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Figure 4.14: Log-log plot of the evolution of dislocation density in the AA6XXX core calculated from the {220} and {311} 
peaks under 175

O
C and 205

O
C isothermal conditions. 

These two figures reveal the expected trend of exponential decay.  It is important to note that the 

dislocation density is not expected to increase.  The only way to increase dislocation density is to 

further deform the sample and, as none of these samples were deformed between heat treatments, 

any increase seen within the data could be caused by instrumentation errors.  This could include 

errors both in the x-ray equipment and the line broadening fitting parameters.  

4.4 Hardness Measurements 
The hardness tests were taken with a Berkovich micro-indenter across the inter-alloy region of the 

Novelis FusionTM material.  Indents were made across the interface of the material to a depth of 

approximately 1.5 micrometers under a 5 gram load and an indent spacing of 20 micrometers as can 

be seen in Figure 4.15. 
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Figure 4.15: a) Optical image of clad aluminum alloy and indents. b) SEM image of clad aluminum alloy and indents 

These hardness measurements were carried out across four different samples, the as received re-

rolled sample provided by Novelis, the as deformed cold rolled sample, a sample recovered at 205oC 

for two minutes and finally a recrystallized sample annealed at 565oC for 2 minutes.  The 

combination of these hardness results can be seen in Figure 4.16. 

 

Figure 4.16: Plot of hardness versus distance from visible interface, the inter-alloy region can be described at the 15m 
on either side of the zero. The lines are trend lines fit over the different ranges by regression. 
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As expected the hot rolled material was found to be much softer than the cold worked material, and 

the deformed material before heat treating was the hardest of all the alloys.  After a recovery 

treatment, dislocations have annihilated with each other resulting in the softening of the AA3003 

series, while the hardness of the AA6XXX remained relativity constant.  After recrystallization the 

AA3003 softened to even lower levels then the original hot rolled condition, however, once again the 

AA6XXX stayed at similar levels.  The similarity can be attributed to room temperature aging.  A fully 

solutionized, recrystallized, and quenched sample will be softer, but the AA6XXX is age-hardenable, 

and the 12 hour gap between quenching and measurement was enough to age the core. 

4.5 Strain Rate Sensitivity and Activation Volume 
Strain rate sensitivity (SRS) measurements were made across the interalloy region during each 

hardness test, as well. Only a small amount of correlation was seen in the data.  In the as-rolled 

condition the SRS was relatively constant throughout the entire material.  After the recovery 

treatment the SRS began to drop slightly in the AA3003 cladding.  Finally after recrystallization a 

much more pronounced drop in SRS is seen in the AA3003 material while the core AA6XXX alloy also 

shows a fairly large increase as well.  These trends can be seen below in Figure 4.17.  
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Figure 4.17: A plot displaying the strain rate sensitivity across the interalloy region of a Novelis Fusion
TM

 sample after 
cold working, recovery and recrystallization. 

These trends seem typical as more ductile materials tend to display more sensitivity to strain rate 

and the AA3003 is a much softer, ductile material because of its lack in age hardening ability.  From 

the strain rate sensitivity measurements the apparent activation volumes can also be deduced.  

These calculations have been previously developed by Diak and Saimoto in 1997, and can be seen in 

Equation 4.1 assuming that the structure, , represented by the number of dislocations, and 

temperature, T, are constant during the strain rate change [3]. 

 

      
    ̇

  
|
   

     
    ̇

  
|
   

 
(4.1) 
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where V' is the activation volume, M is a Taylor Factor of 3.06, k is the Boltzmann constant,  is the 

flow stress, H is the hardness and  ̇ is the applied rate of shear stress.  This result can then be 

normalized by the cube of the Burgers vector to obtain Figure 4.18. 

 

Figure 4.18: A plot displaying the apparent activation volume as a function of distance to the visible interface. The lines 
are trend lines to help guide eye. 

Before cold rolling no apparent trend could be seen, however after deformation the apparent 

activation volume leveled off around 160 b3.  After recovery the activation volume became parabolic 

in nature, peaking in the interalloy region.  Finally, after recrystallization an increased activation 

volume was seen in the AA3003 while a decreased activation volume is observed in AA6XXX.  These 

activation volumes were then compared to the chemical gradients through the interalloy region 

using EDX measurements.  The EDX results were used for this comparison because they could give 
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the local chemistry right next to the indents.  Figure 4.19 displays where the EDX measurements 

were taken in relation to the indents.  

 

 

Figure 4.19: An SEM micrograph displaying the residual hardness indents along with the geographical location of EDX 
probe measurements. Three local measurements were made and then averaged to determine the chemical 
concentration at each indent.  

 

The local chemistry at the location of the actual indents could not be measured so instead three 

measurements were taken beside the indent and then combined to produce an average result.  The 

averaging method was used so that any variances due to the EDX probe directly hitting a precipitate 

could be discarded.  Then to assess whether a chemical element correlates with the activation 
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volume, V’ was plotted against the atomic fraction of the main solute containing elements: 

magnesium (Mg), copper (Cu), manganese (Mn), and silicon (Si).  This analysis was completed under 

three separate conditions, cold worked, recovered at 205oC for 2 minutes, and recrystallized at 565oC 

for two minutes and can be seen in Figure 4.20, Figure 4.21, and Figure 4.22, respectively. 

 

 

Figure 4.20: Activation volume with varying chemical compositions in a Novelis Fusion
TM

 material in the as-rolled 
condition. 
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Figure 4.21: Activation volume with varying chemical compositions in the recovered condition. 

 

Figure 4.22: Activation volume with varying chemical compositions in the recrystallized condition. 
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As can be seen from these graphs there is no correlation between activation volume and chemistry 

in the as-rolled condition, but after the recovery treatment at 205oC for 2 minutes there is an 

appreciable increase in activation volume however still no correlation with chemistry.  After the 

recrystallization treatment at 565oC for two minutes it can be seen that the increased Mg, Cu and Si 

content stabilized the activation volume.  This is in contrast to Mn which shows that a larger content 

correlated to an increased activation volume.  This is most likely due to the possible dissolution of 

Mn-based pinning particles which control recrystallization. [4], [5] 

 

4.6 CASH Simulation 
SEM micro-textural measurements were taken of the recrystallized only, and recovered then 

recrystallized samples.  Before these results were collected electron channelling contrast (ECC) 

imagining was carried out across the surface of the interalloy region. It is important to note that for 

the ECC image only it is the surface parallel to the rolling plane normal that is being imaged not the 

surface of the interalloy cross section.  To image this area, approximately 100µm of cladding was 

removed. This surface was also used in the macro-texture analysis and can be seen in Figure 4.23 

and Figure 4.24 for the recrystallized only and recovered then recrystallized samples, respectively.  
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Figure 4.23: ECC micrograph of the surface parallel to the rolling plane normal of a recrystallized only sample.  Rolling 
direction is vertical. 

 

 

Figure 4.24: ECC micrograph of the surface parallel to the rolling plane normal of a recovered then recrystallized sample.  
Rolling direction is vertical. 
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As can be seen the ECC images do not show a significant difference between the recrystallized only 

versus recovered then recrystallized samples.  Both display a fairly uniformed grain structure with a 

set of small and large precipitates.  The smaller precipitates are distributed uniformly throughout the 

samples while the larger precipitates have lined-up parallel to the rolling direction, in the cases of 

Figure 4.23 and Figure 4.24 this direction is vertical with the page.  To investigate any differences 

between the texture and grain size of the two samples electron backscatter diffraction (EBSD) was 

used. 

Electron backscatter diffraction is a microstructural/crystallographic technique that uses Kikuchi 

diffraction patterns to examine the crystallographic orientations of a material.  These 

crystallographic orientations were then indexed and used to map both grain boundaries and pole 

figures across the interfacial region of two separate Novelis FusionTM samples.  The first sample was 

one that had been fully recovered at 205oC for 3.3 hours (Table 3.2), a temperature far below its 

recrystallization temperature of 300oC to annihilate as many dislocations as possible then fully 

recrystallizing the sample at 565oC along with another sample having undergone no recovery at all.  

The thought process is that the recovered sample would use up a significant amount of its stored 

energy during a controlled recovery step causing a change in its recrystallization behavior.  Two 

regions of 180m from the edge of the rolling plane normal across the visible interface and 250m 

wide were indexed on each sample.  From this information the grains were then detected by 

observing changes in crystallographic orientation greater than 1o.  This information was then divided 

into two subsets using the visible interface as a means to separate all the AA3003 grains from the 

AA6XXX grains, as seen in Figure 4.25 and Figure 4.26. 
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Figure 4.25: EBSD mapping of a recrystallized only sample. (a) Subset of EBSD data showing the AA3003 grains, all 
darkened grains were included in the subset while all faded grained are excluded. (b) AA6XXX grains similarly showing 
the faded grains as those excluded from the subset. 

 

Figure 4.26: EBSD mapping of a recovered then recrystallized sample. (a) Subset of EBSD data showing the AA3003 
grains, all darkened grains were included in the subset while all faded grained are excluded. (b) AA6XXX grains similarly 
showing the faded grains as those excluded from the subset. 

It is important to note that all grains on the edge of the EBSD map were also excluded in this analysis 

as only a part of the full grains would have been captured.  After creating the EBSD map, micro-

texture/grain size statistics were taken of both the AA3003 and AA6XXX grains in both samples as 

well as the interalloy region as a collective whole of the AA3003 and AA6XXX grains to compare to 

the x-ray texture data.  To accomplish this a subset was created with the first 80-90 micrometers 

from the edge of the sample removed. As expected a Gaussian distribution was observed and from 
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this curve the average and variance in grain size was determined. Figure 4.27 displays the statistical 

data extracted from the EBSD mage shown in Figure 4.25. 

 

Figure 4.27: Grain statistics displaying the absolute frequency (Fx(x)) on the y-axis versus grain diameter for a 
recrystallized only sample: (a) AA3003 grains, and (b) AA6XXX grains. 

From these Gaussian curves both the average grain size and variance for each subset were calculated 

and can be seen below in Table 4.2. 

Table 4.2: Grain size statistics, where EX is the average grain size and  is the variance 

 

Recrystallized Region 1 
 

 

Recrystallized Region 2 

AA3003 EX = 11.304 m 

 = 4.9895 m 

AA3003 EX = 11.026 m 

 = 4.6778 m 

AA6XXX EX = 24.524 m 

 = 8.6735 m 

AA6XXX EX = 23.292 m 

 = 7.9186 m 

Interalloy Region 

(80m below surface) 
EX = 17.815 m 

 = 9.8217 m 

Interalloy Region 

(80m below surface) 
EX = 12.037 m 

 = 7.1654 m 

 

Recovered - Recrystallized Region 1 
 

 

Recovered - Recrystallized Region 2 

AA3003 EX = 12.359 m 

 = 5.9879 m 

AA3003 EX = 11.449 m 

 = 23.292 m 

AA6XXX EX = 25.486 m 

 = 12.483 m 

AA6XXX EX = 23.037 m 

 = 8.7444 m 

Interalloy Region 

(80m below surface) 
EX = 12.587 m 

 = 9.3995 m 

Interalloy Region 

(80m below surface) 
EX = 16.715 m 

 = 9.2371 m 
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The statistics from this small sample size show a small increase in average grain size from the solely 

recrystallized samples to the recovered then recrystallized samples.  In the AA3003 cladding material 

the average grain size showed an increase from 11.2m to 11.9m, 0.7m.  While in the AA6XXX 

core material the grain size increased from 23.9m to 24.5m, 0.6m.  As expected a similar trend 

was seen in the variance, increasing by 0.994m and 2.318m for AA3003 and AA6XXX respectively.  

The micro texture of the interalloy region was explored qualitatively using pole figures for the {200}, 

{111}, {220} and {311} planes.  In all these regions only a weak rotated cube orientation in the {111} 

direction could be distinguished.  These pole figures can be seen below in Figure 4.28 and Figure 

4.29. Figure 4.28 displays the poles for the 2 regions on the solely recrystallized sample, while Figure 

4.29 displays the poles for the regions on the recovered then recrystallized sample. 
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Figure 4.28: (a) The {200}, {111}, {220} and {311} micro-texture pole figures of recrystallized region 1. (b) The {200}, 
{111}, {220} and {311} micro-texture pole figures of recrystallized region 2. Rolling Direction is vertical. 
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Figure 4.29: (a) The {200}, {111}, {220} and {311} micro-texture pole figures of recovered-recrystallized region 1. (b) The 
{200}, {111}, {220} and {311} micro-texture pole figures of recovered-recrystallized region 2. Rolling Direction is vertical. 
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The micro-texture measurements of the solely recrystallized versus recovered and recrystallized 

samples were further quantified by x-ray macro-texture measurements.  The {100}, {111}, {110) and 

{113} pole figures were recalculated using the KULeuven MTM texture analysis code with an Lmax of 

22 and assuming triclinic symmetry.  Figure 4.30 displays the results of the recrystallized only 

sample, while Figure 4.31 displays the pole figures of the recovered then recrystallized samples.  

Qualitatively it doesn't appear as though there is a big difference between the texture of the two 

samples, and so a component volume fraction calculation was made. 

 

Figure 4.30: The {100}, {111}, {110} and {113} x-ray macro-texture pole figures of the recrystallized only sample. Rolling 
direction is vertical.  Intensities are times random. 
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Figure 4.31: The {100}, {111}, {110} and {113} x-ray macro-texture pole figures of the recovered then recrystallized 
sample. Rolling direction is vertical. Intensities are times random. 

 

The evolution of volume fraction of some ideal FCC texture orientations in the AA6XXX/AA3003 

interalloy region is complied in Table 4.3.  The table shows that there is little significant difference 

between the texture of the recrystallized only versus the recovered then recrystallized sample.  In 

both cases there is a large drop in the Brass and Copper texture components from the as-rolled 

condition.  This is expected because both of these components are rolling textures, so the 

reorientation after recrystallization would effectively eliminate them. Quantitatively the decrease in 

volume fraction is equal to 15.8 in the Brass component and 6.8 in the Copper component.  A 
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decrease is also seen in the S1 and S4 components from approximately 12.2 and 12.0 to 1.3 and 1.1, 

respectively.  When directly comparing the recrystallized only sample to the recovered then 

recrystallized sample the only notable difference is observed in the Cube orientation which has a 

slightly larger volume fraction observed in the specimen without pre-recovery history. 

 

Table 4.3: Volume fraction percent of some ideal FCC rolling texture components in the AA6XXX/AA3003 interalloy 
region  

Conditions Cube 
{011} 
〈   〉 

Goss 
{011} 
〈   〉 

Brass 
{011} 
〈   ̅〉 

Copper 
{112} 
〈   ̅〉 

Rotated 
Cube 
{100} 
〈   〉 

S1 
{123} 
〈 ̅ ̅ 〉 

S2 
{213} 
〈 ̅ ̅ 〉 

S3 
{132} 
〈  ̅ 〉 

S4 
{231} 
〈  ̅ 〉 

As-Rolled 
 

0.4 0.9 16.3 7.6 0.5 12.2 3.3 12.0 2.6 

Recrystallized 
Only 

2.7 2.5 0.5 0.8 1.6 1.0 0.7 1.1 0.9 

Recovered/ 
Recrystallized 

2.1 2.6 0.5 0.8 1.5 1.3 0.8 1.1 0.9 

 

 

Two orientation distribution functions (ODF) were also generated for the interalloy region, they are 

presented for the Euler Angle range of         ,         and         .  The 

intensity contours for all of these ODFs are 0.8, 1, 1.3, 1.6, 2, 2.5, 3.2, 4, 5 and 6.4 and can be seen in 

Appendix 1.  
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Chapter 5 - Analysis and Discussion 
In this chapter the experimental results of the recovery study of the Novelis FusionTM sheet are 

analyzed and discussed.  The chapter begins with Section 5.1 which addresses the mechanisms 

related to the annealing out of dislocations.  The rate controlling mechanism in the Novelis FusionTM 

samples is identified and the kinetic recovery model is then explained in Section 5.2.  The model was 

then applied to the x-ray dislocation density measurements during the isochronal anneals in the core 

AA6XXX material and interalloy region in Section 5.3.  The validity of the model will also be discussed 

at this time in regards to the accuracy of the fit and an alternative approach will be discussed in 

regards to the fitting of the inter-alloy region.  

5.1 Recovery Mechanisms 
In the as-deformed state the dislocation substructure of the FusionTM interalloy region observed by 

TEM resembles elongated misoriented regions containing a significant density of arrayed 

dislocations.  In general, the annealing time and the amount of strain placed into a material can 

generate networks that are described as either a sub-grain structure consisting of walls of 

dislocations along with relatively empty cells or an evenly dispersed tangle of dislocations.  Error! 

eference source not found. displayed the two extremes of this type of dislocation network [1].  

Generally pure aluminium exhibits the sub-grain cell/wall substructure but with the addition of 

alloying elements the network gets more and more dispersed which is the case for the FusionTM 

alloy.  Regardless of the condition of the substructure these dislocations will anneal out upon 

subsequent heat treatments due to their elastic interactions resulting in a change of the network.  

The treatment of this growth in a three dimensional network is a very interesting problem indeed, 

consisting of the careful consideration of many intricate details.  This thesis however will address the 

problem with a much more limited objective in mind which is to identify the rate-controlling 
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mechanism in dislocation annihilation and provide a model for the recovery of dislocation density in 

the core and inter-interalloy region of clad-metal alloys. 

The evolution of a dislocation network requires the recombination and annihilation of individual 

dislocation segments through the combination of glide, cross-slip and climb.  In principle any one of 

these interactions can be the rate-controlling step in the growth of the dislocation network.  In his 

recovery paper Nes explains these mechanisms individually [1]: 

i. Glide controlled: the glide mobility of heavily jogged screw dislocations controls the 

annealing process. 

ii. Annihilation controlled: Friedel proposed that the transport of dislocations into 

configurations where annihilation becomes possible is not-rate-controlling, but rather the 

annihilation reaction of thermally activation cross-slip itself. [2] 

iii. Climb controlled: in this case the glide component of the substructure growth is considered 

to be rapidly exhausted, after which the growth reaction will be controlled by dislocation 

climb. 

iv. Solute drag controlled: in less pure metals solute drag becomes an alternative rate 

controlling mechanism, solute atoms impede the migration of dislocations rendering the 

mechanisms of glide, cross-slip or climb no longer significant. 

Nes used these mechanisms to develop a model connecting the yield stress of an alloy to its 

annealing time.  His model is highly dependent on assumptions made about the initial dislocation 

network and contributions from both the dispersed dislocations and those in the growing cell 

wall/sub-grain structure.  

These mechanistic models were considered alongside others by authors such as Li [3] and Stüwe et 

al. [4].  All of these models will be presented and fit to the data collected earlier in this thesis.  The 
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model with the best fit will be justified as the best choice for this alloy and whether any special 

considerations must be made in regards to the inter-alloy region.  The interpretation of the fitting 

parameters will be discussed. A combination of all these recovery models for comparison purposes is 

presented in Figure 5.1. 

 

Figure 5.1: A comparison of kinetic equations modeling the recovery of dislocation density in monolithic AA6XXX core 
material of the Novelis Fusion

TM
 material recovered at 175

o
C for 2 minutes. 

5.2 Recovery Models 
The first model to be examined is Li's dipole model created in 1961, which is among the earliest 

composed phenomenological recovery models of dislocation density [3].  The model revolves around 

the statistics of dipole annihilation, Li's analysis looks at the kinetics for the annihilation of a single 

dipole and then uses a statistical treatment to deal with all the dislocations in a deformed specimen.  

Li's break-though occurred when he discovered that for a set of non-interacting dipoles, the 

distribution of dipole separation could be obtained from the dipole density as a function of annealing 

time.  Conversely knowing this distribution could help Li predict the kinetics of annealing of 
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dislocation density.  Li was then able to predict the probability of survival of the dipoles by 

estimating the interacting stress between the positive and negative dislocations.  Using these 

statistical models Li was then able to produce a second-order kinetics equation shown in Equation 

5.1 below [3]: 

      
      (5.1) 

where ρ is the instantaneous dislocation density, ρ0 is the initial dislocation density, k is a constant 

and t is the annealing time.  Such kinetics were later shown to exist in a paper by Shankaran and Li in 

a well annealed LiF crystal [3] .  This model was tested against our data as shown in Figure 5.2 by 

rearranging and isolating for the instantaneous dislocation density then applying a Levenberg-

Marquart algorithm to numerically minimize for the fitting parameter k.  In this case the initial 

dislocation density was known from the x-ray measurements and set as a constant.  

 

Figure 5.2: Li's kinetic equation for the recovery of dislocation density applied to the AA6XXX core data of the Novelis 
Fusion

TM
 material recovered at 175

o
C. 
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As can be seen the fit produced by Li's theoretical model is a long way off from what was 

experimentally measured.  This difference can be attributed to the fact that Li's model assumes a 

relatively equal number of positive and negative dislocations exist so that once all the dislocations 

pair up and annihilate each other the remaining dislocation density will be zero.  However, this is not 

in fact true, in many situations there will be an excess of either positive or negative dislocations 

which do not annihilate and instead leave a residual dislocation density above zero.  Stüwe et al. [4] 

instead suggests that while the governing principals of Li's model are correct it should be modified to 

account for this residual dislocation density.  In his paper he provides a modified version of Li's 

model shown below in Equation 5.2. 

     
  

    
        

(5.2) 

 

Figure 5.3: Stüwe et al. kinetic equation for the recovery of dislocation density applied to the AA6XXX core data of the 
Novelis Fusion

TM
 material recovered at 175

o
C. 
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where ρ∞ is the residual dislocation density, and te=(kρ0)
-1 is a simplification of the constant k and 

initial dislocation density expressed in Li's original equation.  Applying this result to our model 

displayed much better results in the core AA6XXX material as shown in Figure 5.3, with a coefficient 

of determination of 0.98.  While this model seemingly worked well with the core of the Novelis 

FusionTM material it did not adequately represent the recovery of dislocation density occurring within 

the inter-alloy region.  Figure 5.4 displays the fitting of the Stüwe et al. model on the inter-alloy 

region. 

 

Figure 5.4: Stüwe et al. kinetic equation for the recovery of dislocation density applied to the AA3003/AA6XXX interalloy 
data of the Novelis Fusion

TM
 material recovered at 175

o
C. 

As can be seen in this case with the low coefficient of determination, while the Stüwe et al. model 

fits the core data, it does not fit the interalloy region.  There are a number of potential reasons why 
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this model doesn't fit this particular region of interest.  The first possibility is that the dipole 

mechanism is no longer the dominant mechanism in the annealing processes and this other 

mechanism promotes faster recovery.  The second possibility is that two mechanisms are at work 

instead of just the dipole mechanism, again this helps explain why the dislocation density drops 

much quicker than the dipole mechanism alone.  The third and final possibility is that recovery and 

recrystallization are occurring simultaneously.  This would make modeling a far more difficult task as 

the onset of recrystallization is a very difficult phenomenon to detect.  

To help understand what's going on in the interalloy region we will analyze the fit of several more 

mechanisms, specifically Nes' models, in regards to both the core AA6XXX material and the 

AA3003/AA6XXX interalloy region.  As before the core data will be analyzed first and if a reasonable 

fit is found it will be tested against the interalloy data.  

Within Nes' theory he includes equations pertaining to the annealing out of dislocation density over 

a period of time.  Only Nes' two most dominate mechanisms will be addressed here: his theory of a 

glide control model relating to the mobility of highly jogged screw dislocations; and Friedel's model 

of annihilation by thermally activated cross-slip.  While two other mechanisms were tested against 

the collected data their fit was so poor that it did not merit inclusion in this analysis.  The poor fit of 

these models is likely due to the glide component of substructure growth not being easily exhausted 

and an alloying content too low to effectively employ the solute drag mechanism.  From Nes' paper 

the model shown in Equation 5.3 can be drawn. 

√
 

  
   

 

  
 

(5.3) 

where τ3 is a time constant related to the material properties and annealing conditions.  This 

relationship represents the evolution of dislocation density assuming that the glide mobility of jogs is 
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the rate controlling mechanism and that the jogs drift laterally at speeds comparable to that of the 

gliding dislocations[1].  This relationship can then be rearranged as shown in Equation 5.4 to display 

the dislocation density at a certain time t. 

    (  
 

  
)
 

 
(5.4) 

This function was then fitted to the core data and can be seen below in Figure 5.5. 

 

Figure 5.5: Nes' thermally activated cross-slip equation for the recovery of dislocation density applied to the AA6XXX 
core data of the Novelis Fusion

TM
 material recovered at 175

o
C. 

As can be see this fit diverges significantly from the measured data showing a coefficient of 

determination of only 0.25.  The measured data decreases at a far quicker rate in the early stages of 

recovery, this rules out Friedel's concept of cross slip being the controlling mechanism within this 

alloy.  As previously mentioned Nes also created a model revolving around glide mobility of heavily 
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jogged screw dislocations in his explanation of the model he provides two separate cases of how this 

mechanism could be operating.  The first assumes that no lateral drift of the jogs occur, hence the 

jog spacing will remain approximately constant during annealing.  The second assumes that the jogs 

drift laterally at speeds comparable to that of the gliding dislocations, this means the variation in jog 

density will include contributions from both the crossing of jogs through other dislocations and 

annihilation of jogs with opposite signs.  In both cases the annihilation of these jogs allows for the 

movement of dislocations which causes a reduction in line length and dislocation density. Both of 

these models can be seen below in Equation 5.5 and Equation 5.6, respectively.  

√
 

  
    

   

  
  (  

 

  
) 

(5.5) 

√
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]
  

 
(5.6) 

where T is the recovery temperature, kb is Boltzmann's constant, A1 is a constant related to the shear 

modulus and Burgers vector and τ1/τ2 are time constants (Both of these constants will be discussed 

in depth further on).  Like Equation 5.3 these relationships can be rearranged as shown in Equation 

5.7 and Equation 5.8 to display the dislocation density at a certain time t. 

√
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(5.8) 

As can be seen in this case the kT/A1 term shown in Equation 5.5 was replaced by k1 in Equation 5.7 

to simplify the Levenberg-Marquart fitting algorithm.  These two functions were then fit to the core 

data and can be seen below in Figure 5.6a and Figure 5.6b. 
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Figure 5.6: (a) Nes' glide controlled  equation with no lateral drift and (b) Nes' glide controlled  equation with  lateral 
drift for the recovery of dislocation density applied to the AA6XXX core data of the Novelis Fusion

TM
 material recovered 

at 175
o
C. 
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In Figure 5.6b it is once again possible to see the fit diverges significantly from the measured data 

which decreases at a far quicker rate in the early stages of recovery.  The same however cannot be 

said for Figure 5.6a which has a coefficient of determination of close to 0.97.  The next question is 

whether or not Nes' glide controlled model with no lateral drift also fits the interalloy region.  The 

model has been put to the test in Figure 5.7 below. 

 

Figure 5.7: Nes' glide controlled  equation with no lateral drift for the recovery of dislocation density applied to the 
AA6XXX/AA3003 interalloy data of the Novelis Fusion

TM
 material recovered at 175

o
C. 

Qualitatively it is easy to see that this fit is a lot better than the Stüwe et al. model.  The coefficient 

of determination is also improved showing a value of 0.95 compared to Stüwe et al. 0.29.  The high 

Pearson chi-squared test of 2.3X1027 can be attributed to the large dislocation density values.  If 

these values were normalized, the Chi squared test drops to a value around 0.0025.  This Nes glide 

model was also applied to the 205OC recovery tests shown below in Figure 5.8a and Figure 5.8b. 
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Figure 5.8: Nes' glide controlled  equation with no lateral drift and for the recovery of dislocation density applied to the 
(a) AA6XXX core and (b) AA6XXX/AA3003 interalloy data of the Novelis Fusion

TM
 material recovered at 205

o
C. 
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As can be seen this curve also seems to provide a close fit for the 205oC recovery data.  There does 

however seem to be a jump in dislocation density between 1100 and 7000 seconds in the interalloy 

regions of the 205oC recovery.  There are several explanations of why this is occurring the first of 

which is simply a measurement error.  This seems possible in the case of the 175oC interalloy 

recovery data where there is only a jump at a single point around 3170 seconds.  This also seems 

possible in the 205oC core data where the spikes and drops appear to occur randomly.  In the 205oC 

interalloy data however this seems much less likely because there is a trend shown through multiple 

points.  Another possible explanation is that some phenomena is taking place in the interalloy region 

resulting in an increased calculated dislocation density, such as the transition of precipitates from 

coherent to semi-coherent expected during ageing.  This however is a difficult phenomena to prove 

because a chemical analysis of this region would need to take place at every one of these data point.  

Another less likely scenario is that the sample was somehow deformed between measurements.  

This seems a little less likely because the trend shows a gradual increase in the number of 

dislocations, if additional deformation had occurred in between measurements a single 

instantaneous jump in dislocation density would be observed.  Even with these small deviations it is 

possible to see that this model is satisfactory to describe the dislocation density over a specified 

annealing time. Taking a deeper look into Equation 5.5 displays how it's constants are calculated.  

Nes gives a detailed explanation of how each model is created, below is only a brief summary of this 

method. Please reference his Section 2.3 and Appendix for more information on the subject [1].  The 

driving force in Nes' network growth is related to the average separation of dislocations, r, which 

increases at a rate: 

  

  
     

(5.9) 
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where C3 is an experimentally determined constant and v is the average migration speed of 

dislocations within the material.  To obtain the instantaneous dislocation density it is then necessary 

to find the experimentally determined constant along with the average speed of moving dislocations 

and then using this data integrate Equation 5.9.  This will then yield the instantaneous separation 

length between dislocations which can then be converted to dislocation density knowing the 

relationship of density to separation length is equal to ≈(1/r)2.  To calculate the average migration 

speed it is necessary to understand the force per unit length acting on the dislocation.  Nes derives 

this force from the free energy change associated with the decreased dislocation density which can 

be seen in Equation 5.10. 

   
   

 

  

  
 

     

 
 

(5.10) 

 where is the dislocation line tension (≈Gb2/2), and α3 is a constant of order unity.  This force can 

then be substituted into a relationship providing averaged migration speed, Nes created several 

variations of this formula based on work from Hirth and Lothe [5], [6].  In order to determine the 

glide speed there are three different rate controlling mechanisms that must be addressed.  In high 

purity metals the rate is expected to be governed by the climb of jogs.  This climb is facilitated by 

either the emittance (positive jogs) or absorption (negative jogs) of vacancies at jog locations.  The 

rate controlling mechanism during this phenomenon is therefore the self-diffusion of vacancies along 

the dislocation core and in the bulk material.  In less pure metals however the possibility of having 

the jogs contaminated by solute atoms must be considered. For specific solutions of each of these 

cases please reference Nes' paper. Equation 5.11 below shows the universal solution for the climb of 

jogs in terms of the rate of separation between dislocations [1]. 

  

  
      (

       

  
) 

(5.11) 
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where G is the shear modulus, b is the Burgers vector , lj is the separation length between positive 

and negative jogs and finally Bx is the temperature-dependent parameter determined by both the 

diffusion geometry and the diffusion species, discussed above for the bulk diffusion, core diffusion 

and solute diffusion.  In order to solve Equation 5.11 it is necessary to consider the r-dependence of 

the jog spacing, lj.  Nes addresses this in his Appendix, in which he treats the spacing at the beginning 

of recovery as being proportional to the initial dislocation and related by a constant 2 as shown in 

Equation 5.12. 

  
    

 

√  

      
(5.12) 

Therefore in the case of no lateral drift it is possible to sub      to the Equation 5.11 as lj.  This 

phenomenon can be caused by several factors, the two most likely contributors are a low stacking 

fault energy in the metal or the impediment of glide by solute atoms, where the latter is most likely 

in our case.  

  

  
      

           

  
 

(5.13) 

Now Equation 5.13 needs to be integrated, changing the rate equation into a value of the average 

separation of dislocations.  This as mentioned earlier can then be related to the average dislocation 

density.  Unfortunately there is no analytical solution to Equation 5.13 hence it must be solved 

numerically.  Nes however outlines that as long as              >> kT, which it is in most cases, that 

Equation 5.13 can be accurately represented as Equation 5.14. 

 

  
(
  
 
)   

  

  
   

             

  
 

(5.14) 

After the integration and simplification of Equation 5.14 along with the substitution of, r0/r = √   ⁄   

(this can be solved remembering that ≈(1/r)2), the final model shown in Equation 5.7 is complete.  
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Now that the full derivation of the dislocation density model  is understood it is possible to give a 

more in depth analysis of the equation's constants.  The first constant to be addressed will be the A1 

energy term, which is calculated according to Equation 5.15 shown below.  

             (5.15) 

The A1 constant was added to Equation 5.7 solely to simplify and condense the equation into a more 

readable form.  The same thing was done with the addition of the time constant 1, shown in 

Equation 5.16.  This is a relaxation time constant that Nes formulated as an approximate solution to 

the numerical one assuming that r/r0 > 0.4 when using as        /kT = 23, which he iterates is a 

reasonable assumption of any typical metal at a temperature less than half its melting point, in our 

case of aluminium that temperature would be any temperature less than 330oC this condition is 

satisfied in both the 205oC and 175oC tests. 

   [
√      

  
   

  

  
]

  

   
(5.16) 

5.3 Activation Energy 
To facilitate the movement of dislocation and hence their annihilation a characteristic energy is 

needed to cross the activation barrier, which has been appropriately named the activation energy. 

The apparent activation energy for recovery appears in Nes' models as A1.  The recovery model uses 

an Arrhenius type relationship to calculate this value.  For each of the fits an activation energy was 

extracted, this was accomplished solving for A1 using the values from the fitting algorithm. In the 

core AA6XXX material the activation energies were found to be 0.99 and 1.7eV in the 175oC and 

205oC isothermal recovery treatments, respectively.  As for the AA6XXX/AA3003 interalloy region 

activation energies were found to be 1.65 and 1.11eV in the 175oC and 205oC fittings, respectively.   



P a g e  | 103 

 

 
 

Since the movement and formation of dislocations is based upon the movement of atoms and 

vacancies this activation energy is affected by the diffusion and self diffusion of solute and base 

metal atoms, respectively.  According to Seeger et al. [7] the activation energy for self diffusion in  

pure aluminium is 1.27eV, this value is close to the numbers extracted from the Nes model showing 

that the model is within the appropriate range for aluminum. In comparison, the activation energy 

for the diffusion of Mg in Al varies from 1.36 to 1.7eV depending on the concentration (a higher 

concentration results in a lower activation energy as more particles are able to diffuse through the 

material) [8]. These values are significantly higher then what was reported from the Nes' model 

however it is important to remember that there are many more alloying elements within the 

material and therefore recovery should be based on the diffusion/self-diffusion of Mg or Al alone.  

An interesting anomaly in this data is that in both cases the activation energy is shown to change 

depending on the temperature in opposite ways. This can be explained by variations in internal 

stress, apparent activation energy can be calculated according to Equation 2.7,  

           (2.7) 

where    is the internal stress, Q is the activation energy, and C is a constant relating the internal 

stress to the apparent activation energy [2]. A reduction in internal stress would therefore cause an 

increase in the apparent activation energy while an increase in internal stress would result in a 

decrease in apparent activation energy. 
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Chapter 6 - Conclusions 
The objective of this thesis was to gain further insight into the kinetics and behavior of recovery in a 

AA3003/AA6XXX clad aluminium alloy.  Recovery is an extremely important and yet severely 

overlooked portion of annealing.  As shown within this thesis, the microstructure of a metal can 

change drastically based on the degree of recovery it undergoes.  Tests were conducted within three 

different regions of the material.  The primary region of interest was the inter-alloy area where the 

AA6XXX core meets the AA003 cladding.  A comparison was conducted with the secondary region of 

interest known as the AA6XXX core.  Only hardness and SRS measurements were conducted on the 

AA3003 cladding region to observe the variance of materials properties through all three regions.  

Specific experiments were performed on the different regions to characterize the structure and 

mechanical properties.  Hardness and strain rate sensitivity measurements where conducted in all 

three regions across the through thickness of the aluminum sheet.  X-ray line broadening 

measurements were utilized to compare the dislocation density in the interalloy region to the core 

AA6XXX material.  This was accomplished by fitting a pseudo-Voigt function to the {311} and {200} 

reflection peaks, the full width half maximum and integral breadth of the Gaussian portion of the 

pseudo-Voigt function was then extracted and the change in broadening with respect to a 

recrystallized sample was used to calculate the dislocation density.  The outcome showed the 

expected result of logarithmic decay. The data was then matched with a kinetic recovery model for 

dislocation density in both the core and interalloy regions of the sample.  Several different models 

were tested for this analysis and a model by Nes was chosen as the most appropriate fit. This model 

is based around the glide mobility of heavily jogged screw dislocations assuming that no lateral 

drifting of the jogs occurs during recovery.  The success of the fit indicates that the assumptions used 

in the dislocation density determination by the peak deconvolution have merit.  SEM imaging was 

also used across the inter-alloy region of two cold rolled samples, one recovered then recrystallized 
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sample and the other solely recrystallized.  EBSD was used during the SEM imagining to compare the 

grain size and texture of both samples and prove that the recrystallization of a fully recovered 

sample is different compared to a solely recrystallized sample.  TEM imaging was used to gain 

qualitative insight into the dislocation structure of the inter-alloy region.  The following points give 

some insight into the core discourse extracted from the data analysis: 

 Recovery and recrystallization played a large role in the hardness of the AA3003 dropping 

from 1100MPa to around 650MPa unlike the AA6XXX which stayed relatively constant due to 

the added complication of ageing. 

 

  The strain rate sensitivity in the recovered sample dropped slightly during recovery 

throughout the entire sheet however after recrystallization a significant drop was seen only 

in the AA3003 

 

 Activation volume calculations were made from the SRS data. A higher activation volume 

was seen within the interalloy region after recovery, something seen neither in monolithic 

AA3003 nor monolithic AA6XXX, demonstrating that this bridged area can act differently 

than in the two alloys it's made of. After recrystallization an even greater increase in 

activation volume was seen in the AA3003.  

 

 A higher dislocation density was seen in the core region of the material than interalloy 

region. This reflects a difference of how the cold work is stored in these two chemically 

different regions. 
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 Isothermal and isochronal recovery data however show slowed recovery behavior at the 

interalloy region.  In the isothermal tests the core material sheds is dislocation density much 

quicker than the interalloy region.  While in the isochronal data the dislocation density starts 

to drop at a lower temperature (50oC) than the core AA6XXX (100oC).  It is possible that this 

is due in part to the fact that there is a higher dislocation density at the core. However, even 

after normalizing the data these trends are still seen. 

 

 A solely recrystallized sample of the interalloy region was shown to have a slightly different 

microstructure and texture than a recovered then recrystallized sample suggesting that 

recovery sets the foundation of recrystallization.  A difference in grain size of 0.74 and 0.62 

m was seen in the AA3003 cladding and AA6XXX core, respectively. 

6.1 Future Recommendations 
There are a few ways to develop more insight into the recovery characteristics of these clad metal 

alloys. 

 In the current study a relatively new method was used to deconvolute the dislocation 

density from the X-ray line broadening.  Only two peaks were used in the fitting due to the 

strong texture, and the method is much quicker and requires much less computation time 

than a multi-peak method.  However, to ensure that the applied fitting method provides an 

accurate measurement it should be compared to the multiple peak method to see the 

variance in the results. This requires measurements in different sample orientations. 

 Another useful experiment would be to observe the recovery in situ under the TEM.  This 

would help us better understand how this material recovers, and where and how the 

dislocation annihilation is occurring.  Knowing the exact method of annihilation will give 

concrete evidence that the assumptions made during the installation of the recovery model 
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were correct.  A second FIB lift-out specimen was prepared of the as-rolled material, and 

could be used for such a study. 

  The current observations clearly show that recovery and recrystallization of the core, 

cladding and interalloy region behave as a function of both time and temperature.  These 

parameters act as a catalyst for the evolution of stored energy through the annihilation of 

dislocations, the driving force for both recovery and recrystallization.  In this context it is 

therefore important to acknowledge temperature, time and dislocation density as the most 

crucial operating parameters in thermo-mechanical processing.  While the tailoring of mono 

alloys is well understood it is recommended that a quantitative model be developed for 

tailoring clad-aluminium systems to control the desired material properties in the Novelis 

FusionTM alloy.  This model should incorporate time, temperature and dislocation density (as 

a measure of stored energy) to not only predict the final grain size, texture and mechanical 

properties, as you would find in a model constructed for a mono-alloy, but as well the final 

properties at the interface such as the depth of the chemical gradient produced by diffusion 

and transition in grain size from core to clad. 
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Appendix -ODFs 

 

Figure A.6.1: Crystallographic orientation distribution functions generated from the x-ray macro-texture measurements 
in the AA6XXX/AA3003 interalloy region of a recrystallized only sample.   Intensities are times random. 
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Figure A.6.2: Crystallographic orientation distribution functions generated from the x-ray macro-texture measurements 
in the AA6XXX/AA3003 interalloy region of a recovered then recrystallized only sample.  Intensities are times random. 


