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Abstract 

 

The microstructural evolution and mechanical properties at elevated temperatures 

of a recently fabricated fine-grained AA6xxx aluminium sheet were evaluated and 

compared to the commercially fabricated sheet of the same alloy in the T4P condition.  

The behaviour of the fine-grained and T4P sheets was compared at elevated temperatures 

between 350°C and 550°C, as well as room temperature.  The materials were tested at 

various strain-rates in the range of 5.0x10
-4

s
-1

 to 6.7x10
-1

s
-1

.  Static ageing at elevated 

temperatures was conducted to examine the precipitate evolution when no deformation 

was involved, and tensile tests were conducted at elevated temperatures to study both the 

deformation behaviour and the microstructural evolution during testing.  The grain 

structure was examined before and after deformation with optical microscopy.  The level 

of damage due to cavitation was measured and the fracture surfaces of the samples were 

examined after deformation using optical and scanning electron microscopy.  Static 

exposure to elevated temperatures revealed that the precipitate structure of the fine-

grained material did not change extensively.  The T4P material, however, underwent 

extensive growth of precipitates, including a large amount of grain boundary 

precipitation.  At room temperature, the T4P material deformed at much higher stresses 

than the FG material.  The FG material, however, achieved greater elongations to failure 

than the T4P material.  The greater elongation to failure of the FG material at room 

temperature was related to the lower stresses which delayed the onset of void formation 

and changed the mechanism of failure.  Deformation at elevated temperatures revealed 

that the fine-grained material achieved significantly larger elongations to failure than the 

T4P material in the temperature range of 350°C-450°C.  Both materials behaved similarly 

at 500°C and 550°C.  At temperatures below 500°C, deformation resulted in elongation 

of the grains.  Above 500°C, the grain size was greatly reduced in the T4P material, and 

only a slightly increased in the fine-grained material.  The final grain size after 

deformation in both materials was found to be smaller at high strain-rates than at low 

strain-rates.  At temperatures above 450°C, the elongation to failure in both materials 

generally increased with increasing strain-rate.  Cavitation played a large role in the 

failure of both materials, particularly at the highest temperatures and lowest strain-rates.  
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The poor performance of the T4P material at these temperatures was attributed to the 

precipitate characteristics of the sheet, which lead to elevated stresses and increased 

cavitation.  The deformation mechanism of both materials was found to be controlled by 

dislocation climb, accommodated by the self diffusion of aluminium at 500°C and 550°C.  

The deformation mechanism in the fine-grained material transitioned to power law 

breakdown at lower temperatures.  At 350°C to 450°C, the T4P material behaved 

similarly to a particle hardened material with an internal stress created by the precipitates.  

The reduction in grain size of the T4P material after deformation at 500°C and 550°C 

was suggested to be caused by dynamic recovery/recrystallization.  The grain size 

evolution of the fine-grained material may have been caused by the same mechanism 

and/or grain boundary sliding effects, however, no clear conclusion could be drawn.  The 

role of a finer grain-size in the deformation behaviour at elevated temperatures was 

mainly related to enhanced diffusion through grain boundaries, while grain boundary 

sliding in the FG material at the highest deformation temperatures and the lowest strain-

rates was considered as a possibility.  The differences in the behaviour of the two 

materials were mainly attributed to the difference in the precipitation characteristics of 

the materials; when precipitates were present, they behaved differently, and when 

precipitates dissolved at high temperatures, the materials with similar reduced grain-sizes 

behaved similarly. 
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Chapter 1 Introduction 
 

The automotive industry is under ever increasing pressure to produce more fuel-

efficient vehicles in light of global warming caused by greenhouse gas emissions.  One 

solution to this problem has been to reduce the weight of vehicles through the use of 

lighter materials such as aluminium.  While aluminium has seen significant increases in 

its use in the automotive industry, it still lags far behind steel in chassis and body panel 

applications.  Reasons for the slow adoption of aluminium alloys include higher material 

costs than steel as well as increased forming process costs [1].   

 

AA6xxx aluminium alloys are used in the automotive industry for outer body 

panels and bumpers because of their weldability, good age-hardenability, formability, 

corrosion resistance, good surface finish and low cost.  In a traditional auto body panel 

production operation, the sheet is formed at room temperature while in the T4 (naturally 

aged) or T4P (commercially pre-aged) condition and then age hardened during the paint 

bake cycle [2,3]. 

 

While the formability of aluminium is low at room temperature, the ductility of 

aluminium has been shown to improve at elevated temperatures [4-11].  Previous 

investigations have focused on either warm (200-350°C) [4,8] or hot deformation 

(>350°C) [5,11].  In general, elevated temperatures have been shown to significantly 

increase ductility, although most research has been conducted at significantly lower 

strain-rates than seen in industrial forming operations (~1s
-1

) [12].  Investigation of 

material properties at higher strain-rates is very important as part production times affect 

the cost significantly.  Additionally, higher ductility allows the production of more 

complex parts which can lead to a reduction in the number of fasteners or welding 

operations required [13].  Refinement of the grain size has also been shown to 

significantly increase the ductility of aluminium under certain conditions [10,13-15].  It is 

of interest to investigate and characterize the effect of grain refinement and elevated 

temperatures on ductility. 
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Chapter 2 Literature Review 

2.1 Introduction 

This study examines the deformation of fine-grained and coarse-grained AA6xxx 

alloys and how the microstructure affects and is influenced by deformation.  In this 

chapter, an introduction to low temperature deformation factors, as well as high 

temperature deformation mechanisms are given.  Then the influence of high temperature 

and deformation on the microstructure is reviewed.  Next, the mechanisms of failure at 

elevated temperature are examined.  Finally, AA6xxx alloys are introduced, and some 

related research is presented. 

2.2 Low Temperature Deformation Factors 

Crystalline materials deform at room temperature as a result of dislocation 

processes as well as twinning.  Aluminium has a FCC crystal structure and therefore 

mainly deforms through dislocation movement.  Plastic flow is a kinetic process which is 

affected by factors such as strain, strain-rate and temperature.  The ideal shear strength is 

defined as the stress at which the deformation of a perfect crystal is no longer elastic; 

above this stress, the crystal structure becomes unstable.  This strength can be calculated 

with knowledge of the crystal structure and inter-atomic forces [16,17].  In real situations, 

however, deformation occurs at stresses below the ideal shear strength by the movement 

of dislocations.  Deformation is therefore limited by the rate of nucleation of dislocations 

and the rate at which these dislocations glide through a crystal.  The motion of these 

dislocations is almost always obstacle-limited.  These obstacles can include:  other 

dislocations, solute atoms, precipitates, grain boundaries, or even the friction of the 

crystal lattice itself [18].  At low temperatures, below ~0.3-0.4 Tm, where Tm is the 

absolute melting temperature, recovery mechanisms do not play a significant role in 

affecting the material‘s microstructure [18,19].  As such, increasing the amount of strain 

in the material increases the number of dislocations present in the crystal structure.  This 

increased dislocation density causes an increase in the flow stress required to facilitate 

the motion of the dislocations through and around each other; this is known as strain 

hardening [20].  At low temperatures, the effect of strain-rate is generally small compared 
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to the strain hardening effect, and is therefore often ignored when describing the yield 

strength of materials.  The flow stress can therefore be related to the strain using the 

Hollomon equation, Equation 2.1. 

 n     [21] Equation 2.1 

Where   is the stress,   is the strain, and n  is the strain hardening coefficient.  Similar 

to strain hardening, particles within the crystal structure can limit the movement of 

dislocations.  When a dislocation meets a significantly hard particle, it must pass it by 

some means to allow deformation to continue.  At low temperatures, the two main 

methods of passing a discrete obstacle such as a precipitate are by shearing the particle or 

looping it via the Orowan mechanism [18,20,22].  Each of these processes is illustrated 

below in Figure 2.1. 

 

Figure 2.1:  Dislocation passing of a particle by the Orowan mechanism (a-c) and by particle 

shearing (d-f) [23] 

Dislocations will pass particles with the shearing mechanism when the particle is small 

(Figure 2.1 d-f).  Beyond a critical particle size, rc, the dislocation will pass through 

Orowan looping (Figure 2.1 a-c).  The relative shear stresses required for each of these 

processes is illustrated in Figure 2.2. 
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Figure 2.2:  Schematic example of the shear strength vs. particle size for particle passing 

mechanisms, shearing, τc and looping, τB (reproduced from [24]). 

In the example shown, the maximum shear strength required, and therefore the maximum 

strengthening, occurs before the rc particle size.  Depending on the particles and alloy 

system, the maximum strengthening can also occur at the rc particle size.  Further 

increasing the size of the particles will lower the energy required to bypass the particle 

due to the increased particle spacing resulting from coarsening.  For this reason, the best 

strengthening is provided by a fine dispersion of small, hard particles [24].  Another 

method of strengthening in a polycrystalline material is through the use of grain 

boundaries.  Grain boundaries are high energy defects in the crystal structure and 

dislocations can not easily pass through them.  By decreasing the average grain size, the 

area fraction of grain boundaries is increased, and therefore the material is strengthened.  

This effect is usually illustrated by the Hall-Petch relationship. 

 
d

k y

y  0     [24] Equation 2.2 

Where y  is the yield stress, 0  is the stress required to move a dislocation through the 

lattice, yk  is the Hall-Petch strengthening coefficient, and d  is the average grain 

  

  

  

  

  

  rc 

  τB 

  τc 

  τ 

              r 
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diameter.  This shows that as the grain size decreases, the yield strength will increase.  

This relationship holds for most materials, however if the grain size is reduced to a very 

small size (~<100nm), further reductions in grain size either may not affect the strength, 

or softening may occur.  This is known as the inverse Hall-Petch relationship [25].  This 

is an area of ongoing research. 

2.3 Elevated Temperature Effects 

At elevated temperatures (>0.4Tm), thermally activated processes are the primary 

factor affecting mechanical deformation [19].  The deformation becomes highly 

dependent on the strain-rate and temperature.  Strain hardening has a much reduced effect 

because of the increased effect of recovery processes [18,19,26].  This means that instead 

of describing a material based on its hardening potential, it can be characterized by its 

creep resistance [19,26].  Creep is defined as the time-dependent plasticity under a 

constant stress at an elevated temperature [26].  At low temperatures, strain hardening 

severely limits the amount of strain that will be produced at a constant stress, however, at 

elevated temperatures, recovery mechanisms allow strain to continue, even at low 

stresses.  The general plasticity of materials in these conditions is summarized in Figure 

2.3. 

 

Figure 2.3:  Constant stress and constant strain-rate high temperature plasticity curves [26]. 

The three regions shown in Figure 2.3 represent stage I, II and III creep.  During 

stage I, or primary creep, the strain-rate, or creep rate, is decreasing with increasing 

strain.  This is analogous to strain hardening, as in this region the dislocation density is 



6 

increasing.  Stage II creep is characterized by a constant creep rate (i.e. steady-state 

creep).  In this region, there is little change in the dislocation density; the rate of 

dislocation generation equals the rate of dislocation annihilation (recovery).  Finally, 

stage III creep occurs when failure takes place within the material [26].  Stage II creep is 

the most important regime for the study of deformation as the largest portion of strain 

occurs in this region.  Considering constant strain-rate experiments, if the testing strain-

rate is increased, the steady-state stress will also increase [26].  The measure of this 

change is known as strain-rate sensitivity, m.  The strain-rate sensitivity is defined in 

Equation 2.3. 

 
sT

m
,ln

ln















  [18,26] Equation 2.3 

T and s signify the strain-rate sensitivity only applies to a single temperature and 

structural state [18,19,26,27].  Most commonly, the strain-rate sensitivity is determined 

using strain-rate change tests.  These tests involve straining a sample until a constant 

stress is achieved, then increasing the strain-rate and repeating the process.  This 

technique is illustrated in Figure 2.4. 

 

Figure 2.4:  Graphical representation of the constant structure strain-rate change test (modified 

from [26]). 
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Using the strain-rate sensitivity, we can show the general relationship between stress and 

steady-state strain at high temperatures as: 

 
N

m












  [18,26] Equation 2.4 

Where N is the stress sensitivity, and N=1/m.  At elevated temperatures, N is typically 

between 3 and 10, and hence the phenomenon is called ―power law creep‖ [18].  To take 

into account the thermally activated processes involved in deformation at elevated 

temperatures, the activation energy of the deformation mechanism, Q, is added in the 

form of an Arrhenius type equation, as seen in Equation 2.5. 

 
N

RT

Q
 






 
 exp   [18,26] Equation 2.5 

Where R is the ideal gas constant.  In general, Q describes the energy required to 

overcome an obstacle.  This type equation will be further discussed in sections that 

follow. 

 

Another property that temperature affects is the elastic modulus.  Since the elastic 

modulus is related to the strength of the interatomic bonds in the crystal structure, the 

elastic modulus decreases with increasing temperature as the atoms spread further apart.  

Several studies on the elastic modulus of aluminium and its alloys have shown that the 

elastic modulus decreases almost linearly with increasing temperature [18,28-30].  The 

temperature adjusted elastic modulus is important because it is often used to normalize 

data tested at different temperatures.  This normalization is used to maintain the constant 

structure requirement when determining the activation energy [26].  Applying the 

normalization to Equation 2.5, the relationship becomes: 

 
N

ERT

Q















 



 exp   [18,26] Equation 2.6 

Where E is the elastic modulus at the temperature T.  
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Additionally, some forms of creep, such as grain boundary sliding and Harper-Dorn creep 

are affected by the grain size of the material.  An additional term is often added to the 

creep equation to account for the effect of grain size, leading to Equation 2.7. 

 
pN

d

b

ERT

Q























 



 exp   [31,32] Equation 2.7 

Where b is the Berger‘s vector, d is the grain size and p is the grain size exponent. 

  

As stated earlier, decreasing the grain size, leads to strengthening of the material 

at low temperatures.  There is evidence however, that this effect is suppressed at elevated 

temperatures.  In high purity aluminium, it has been shown in [33] that the Hall-Petch 

constant, ky, decreases rapidly with increasing temperature as shown in Figure 2.5.  This 

decrease in was attributed to rapid recovery effects which are prevalent at elevated 

temperatures [33]. 

 

Figure 2.5:  Variation of the Hall-Petch constant with temperature in pure aluminium [33]. 
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2.3.1 Power Law Creep 

At elevated temperatures, dislocations can not only glide through a crystal, they 

can also climb.  These two mechanisms are often competing and can occur 

simultaneously.  The slower of these two mechanisms becomes the rate controlling 

mechanism for deformation [18,19,26]. 

 

In solid solution strengthened alloys such as AA5xxx Al-Mg alloys, it has been 

shown that the rate controlling mechanism is dislocation glide [34].  The resistance to 

dislocation movement is caused by the way dislocations interact with the solute atoms.  It 

has been reported that this type of creep occurs most readily in alloys where there is a 

large disparity between the sizes of the solute and matrix atoms, as well as high 

concentrations of the solute atoms [35,36].  The drag force on the dislocations is caused 

by the stress field in the crystal lattice around the solute atom, and the rate of dislocation 

movement is controlled by diffusion of solute atoms out of the path of the dislocation 

[37-40].  Therefore, the activation energy for creep limited by the diffusion of solute 

atoms is equal to the activation energy of diffusion of the solute atoms within the matrix.  

The stress exponent for this type of deformation is N=3.  This type of creep is sometimes 

called three-power law creep or viscous-glide creep [26].  The creep curve for Al-Mg 

showing three-power law creep is shown in Figure 2.6 
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Figure 2.6:  Creep curve of Al-2.2%Mg at 300C [26]. 

In pure metals, some alloy systems and solid solution strengthened alloys at 

higher stresses, the rate controlling mechanism is dislocation climb [18,19,26,41,42].  

Dislocation climb is the process by which dislocations move perpendicular to their slip 

plane by the diffusion of atoms/vacancies to the dislocation line [20].  Due to this 

diffusion mechanism, the activation energy for creep is almost exactly the same as the 

activation energy for self diffusion [18,19,26].  The stress exponent for this type of creep 

varies from 4 to 7, although it is most commonly about 5.  For this reason, this 

deformation mode is often called five-power law creep [26].  Creep by climb and 

viscous-drag have been found to have grain size exponents of p=0, suggesting that they 

are not affected by grain size [31].  The creep curve for pure aluminium is shown below.  

Note that the data has been normalized with the temperature adjusted shear modulus, G, 

and the self diffusion coefficient, Dsd, so that multiple temperatures may be shown on the 

same curve. 
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Figure 2.7:  Creep curve for 99.999% pure Al [26]. 

Whenever dislocation climb is discussed, so too must stacking fault energy.  A 

stacking fault is an error in the stacking sequence of atoms in close-packed planes [20].  

Stacking fault energy determines the extent to which dislocations dissociate into partial 

dislocations through a stacking fault.  When the stacking fault energy of a material is low, 

large separations occur between partial dislocations, which can hinder climb because the 

dislocation must become whole before climb can occur [19].  High stacking fault 

energies, such as those in FCC materials, make climb and slip easier.  For this reason, 

climb controlled creep occurs more readily in materials with high stacking fault energies 

[19].  As a by-product of dislocation climb, a heterogeneous dislocation structure is 

formed within the grain [19,26,43].  This heterogeneous structure takes the form of cells, 

or subgrains.  The walls of these subgrains consist of a relatively high density of 

dislocations.  The misorientation angle between these subgrains is low (~1-3 degrees) 

[26,43].  This substructure is formed during primary creep and remains relatively 

unchanged during secondary creep.  The size of the subgrains is a function of material 

parameters such as stacking fault energy, and of the applied stress; higher stress means 
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smaller subgrains [26].  The strength of materials during five-power law creep has been 

theorized to be related to subgrains, the internal stresses they create and the effect of 

polarized dislocations, and attempts to model this effect have been made [44-47].  Figure 

2.8 shows a schematic of cellular formations within grains as well as possible diffusions 

paths for atoms and vacancies to accommodate climb. 

 

Figure 2.8:  Schematic of cell formation and diffusional paths during climb controlled creep [18]. 

2.3.2 Power Law Breakdown and Dispersion-Hardened Alloys 

At high stresses, the normal five-power law relationship breaks down, and N will 

increase in value (see Figure 2.7).  Although this region of creep is not well understood 

[26], there are several theories as to why the increase in the creep rate is seen.  Early 

theories suggest that the increased strain-rate are caused by a shift from climb-controlled 

creep to dislocation glide [18], however the presence of a well defined subgrain structure 

at these conditions gives evidence that dislocation climb is still the rate controlling 

mechanism [26].  Later theories suggest that dislocation climb is enhanced by an excess 

of vacancies produced in the material at these stresses [19].  More recently, the enhanced 

creep rates have been related to ―core diffusion‖ of vacancies.  Core diffusion involves 

diffusion of vacancies along dislocation structures such as subgrain walls.  The activation 

energy for this type of diffusion is lower than that of self diffusion, and matches well 

with the activation energies seen during power law breakdown [26]. 
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While most creep work has been done on single phase alloys, some work has 

gone into understanding creep of materials with a second hardening phase, such as metal 

matrix composites.  Very little work has been done towards the understanding of creep in 

precipitation hardened materials, likely due to the time dependent nature of the structure 

at the temperatures where creep is found.  A hardening phase is considered to be a small, 

closely spaced, hard particle that is coherent or semi-coherent with the matrix [48].  It has 

been found that these materials behave differently than their pure counterparts.  First, N 

has been found to be higher than would normally be expected for power-law creep (>5) 

[48-52].  Additionally, the activation energy for deformation is found to be much higher 

than that for self diffusion [48,52,53].  It has been theorized that dislocations still bypass 

these obstacles by dislocation climb [53], however it has been shown that the particles 

prevent the creation of the subgrain structures [51].  This means that core-diffusion of 

vacancies cannot be responsible for the increased strain-rates seen, as core diffusion 

relies upon the subgrain boundaries for increased diffusion rates, nor would it account for 

the elevated activation energy [50,52,53].  As a result, it has been theorized that the 

existence of a ‗threshold‘ or ‗backpressure‘ causes the increased activation energies seen 

[50,52,53].  This leads to a modification of the normal creep relationship, as shown in 

Equation 2.8. 

 

N

p

E 











 



   [50,52,53] Equation 2.8 

Where p  is the opposing stress induced by the particle.   The creep curves for Al, 

showing pure (N=4.5), solid solution strengthened (N=3), and particle hardened (N>4.5) 

variations are shown in Figure 2.9.  Note the particle hardened material creeps at a much 

higher stress than the pure material.  In Figure 2.9, the strain-rate is normalized using the 

Zener-Holloman parameter, ZD, which is another method of presenting the data. 
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Figure 2.9:  Various forms of creep in aluminium [52] 

2.3.3 Low Stress Creep 

At very low stresses, some unique forms of creep are seen.  In the first, called 

diffusional creep, deformation occurs entirely by diffusion rather than by dislocation 

motion.  This phenomenon was first described by Nabarro [54] and Herring [55].  

Nabarro-Herring creep involves the diffusion of vacancies through the grain from grain 

boundaries normal to the tensile direction to those parallel to the tensile direction (see 

Figure 2.10 a).  Later, Coble described a similar form of deformation, however at 

relatively higher creep rates [56].  The increased creep rate was found to be caused by 

grain boundary diffusion rather than diffusion through the grain (see Figure 2.10 b).  As 

both of these creep mechanisms involve diffusion from one grain boundary to another, 

they occur more readily in materials with small grain sizes.  Nabarro-Herring creep was 

found to have a grain size exponent of p=2, and for Coble creep, p=3 [31]. 
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Figure 2.10:  Diffusional creep by a) Nabarro-Herring creep and b) Coble creep (modified from [26]). 

Another form of low stress creep was first described by Harper and Dorn [57].  

This form of creep was found to be different than Nabarro-Herring or Coble creep 

because the creep rates seen were almost 1400 times larger than theoretically predicted 

by those models [26].  Also, the creep appeared to only occur above a critical grain size, 

below which, Nabarro-Herring creep was seen [26].  The stress exponent, N, was found 

to be 1 and the activation energy to be equal to that of self diffusion.  The exact 

mechanism of deformation is heavily debated even now, 50 years later.  Some believe 

that the activation energy suggests an edge dislocation climb mechanism [58], while 

others suggest internal stress models [59], or network dislocation models [60].  Some 

others believe that this deformation mechanism is simply a myth caused by inaccurate 

measurements and interpretation [61]. 

2.3.4 Superplasticity and Grain Boundary Sliding 

Superplasticity is the ability of a polycrystalline material to exhibit very large 

tensile elongations before failure without the occurrence of necking [26].  It is generally 

accepted that there are two forms of superplasticity: structural superplasticity and internal 

stress superplasticity.  While not generally considered a form of superplasticity, materials 

a) b) 
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that deform by viscous glide of dislocations (m=0.33) have been shown to exhibit large 

elongations before failure as well [4]. 

 

Structural superplasticity refers to superplasticity seen in materials with a fine 

grain structure (<10μm), usually at elevated temperatures (>0.5Tm) [62].  In non-

superplastic materials, localized necking occurs during tensile tests, resulting in an 

increased local stress caused by the reduced cross-sectional area.  This leads to failure 

quickly at the neck.  In superplastic materials however, necking is not a localized 

phenomenon.  When a neck starts to form, the localized strain-rate increases, but 

superplastic materials‘ flow stress is strongly strain-rate dependent (high m value).  This 

increase in flow stress counteracts the increase in stress due to the decreased cross section 

and leads to a more diffuse or extended necking region [63].  Generally, the strain-rate 

sensitivity of a superplastic material is m>0.5 (N<2) [26].  This high strain-rate sensitivity 

is associated with grain boundary sliding (GBS) [26,64-67].  With grain boundary 

sliding, the bulk of the mechanical deformation occurs from grains moving relative to 

each other, rather than elongation of the grains.  As the grains slide relative to each other, 

high stresses can be created at points where sliding of the grains becomes difficult, such 

as grain triple points.  Therefore, GBS must be accommodated by another mechanism to 

allow the grains to change shape and reduce these stresses, lest cavities form [68].  These 

accommodation mechanisms can include grain-boundary migration, recrystallization, 

diffusion flow and dislocation slip [26].  The accommodation mechanism is thought to be 

the rate controlling mechanism [26].  From a geometric point of view, the smaller the 

grains, the smaller the amount of accommodation required to allow the grains to slide 

across one another [69]. 

 

Internal stress superplasticity is caused by high internal stresses in the material.  

Sources of this stress can include prior plastic deformation and coefficient of thermal 

expansion (CTE) mismatch in multiphase materials, or polycrystalline materials with 

crystal structures that have anisotropic expansion properties, such as HCP  [19,26].  This 

form of superplasticity is of particular interest to metal matrix composites as it allows 

high ductility in a normally very brittle material [66].  Normally, the stresses generated 
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by the CTE differences generate microcracks along the boarders between the different 

phases, however, if the internal stress is immediately accommodated by an applied 

external stress, the material behaves superplastically.  Extended deformation can be 

achieved through continuous thermal cycling of the material [70].   Using this method of 

producing superplastic behaviour, stress exponent values of N=1 have been achieved, 

allowing Newtonian-viscous behaviour [66,70]. 

 

Recently, a model for structural superplasticity was proposed that uses internal 

variables, rather than external variables such as the strain-rate sensitivity [67].  

Dislocation kinematics are considered to reveal ―internal stress‖ and ―internal spin‖ 

tensors.  These tensors are then related to observable deformation variables [67].  In this 

model, superplastic deformation is split into two components:  grain boundary sliding, 

and accommodation by dislocation glide, i.e. grain matrix deformation (GMD).  

Superplastic deformation occurs via the superposition of these two mechanisms.  The 

model relies upon the inelastic strain-rates taken over a broad range.  A simple way to do 

this is using load relaxation tests, where the generated load relaxation curves can provide 

inelastic strain-rates over a broad range without appreciable changes to the internal 

structure of the material [71].  In their simplest forms, the equations for deformation are 

as follows: 
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Total g    [67] Equation 2.11 

Where 
I  is the internal stress, 

*  is an internal resistance parameter,   is the inelastic 

strain-rate associated with GMD, 
*  is the reference rate of dislocation movement 

through a barrier and p
*
 is the dislocation permeability through barriers.  The variable g  

is the strain-rate associated with GBS, 0g  is the reference strain-rate, g  is the static 
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friction stress for interface sliding and Mg is a material parameter analogous to the stress 

exponent, N [67].  These equations are fit to stress vs. inelastic strain-rate curves 

generated from load relaxation tests using non-linear regression.  Using this approach, it 

is possible to determine the strain-rates over which mechanism is dominant (GMD or 

GBS+GMD).  An example of this can be seen in Figure 2.11. 

 

Figure 2.11:  Application of internal variable approach to deformation modeling [67]. 

 

2.4 Deformation-Mechanism Maps 

Each of the above described creep modeling equations describes the behaviour of 

a material for a range of temperatures, stresses, and strain-rates.  Changing any of these 

parameters can alter the dominant mechanism.  In order to conveniently show the range 

of parameters over which each mechanism is prevailing, Deformation-Mechanism Maps 

were created [18].  The maps are created by inserting the material parameters into the rate 

controlling equations, and setting the borders where two equations are equivalent.  An 

example showing the deformation mechanisms for pure aluminium is shown in Figure 

2.12. 
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Figure 2.12:  Deformation-mechanism map for pure Al with 10μm grain size [18]. 

Regions such as those for dynamic recrystallization or Harper-Dorn creep are 

added by hand for regions that have been experimentally shown to display these effects 

[18].  Deformation-mechanism maps were extended by Mohamed and Langdon to 

include the effects of changing the grain size [31].  In these maps the grain size and stress 

are varied, and the temperature is held as the constant variable in order to facilitate the 

use of a two-dimensional map.  A Deformation-Mechanism map with varied grain size 

for pure aluminium at 250°C is shown below in Figure 2.13.  Deformation-Mechanism 

maps have not been plotted for precipitation hardened aluminium alloys. 
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Figure 2.13:  Effect of grain size on deformation mechanisms of pure aluminium at 250°C (modified 

from [72]). 

 

2.5 High Temperature Microstructural Phenomena 

2.5.1 Grain structure evolution 

2.5.1.1 Static Grain Growth 

Static grain growth, i.e. grain growth occurring while not undergoing 

deformation, occurs through the migration of grain boundaries so as to reduce the internal 

energy of the material [22].  Migration of a boundary involves the transfer of atoms from 

one grain to another.  The transfer of atoms through the grain boundary requires 

activation energy to move through the disordered region of the grain boundary, usually 

supplied by thermal energy.  The direction of flow of the atoms, i.e. flux, is dictated by 

the internal energy of each grain.  Deformed grains have higher energy than dislocation-

free grains [22].  Additionally, small grains have higher energy than large grains [22].  

Therefore, atoms will flow from deformed and/or small grains into undeformed and/or 

large grains, causing the undeformed or larger grain to grow.  When the differential 

energy between the grains is too small to overcome the activation energy for migration, 

grain growth will stop [22]. 
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2.5.1.2 Zener Pinning 

Since a fine grain size is often desired, either for strength (Hall-Petch) or for 

improved ductility through grain boundary diffusion/creep and grain boundary sliding 

mechanisms, reducing grain growth at elevated temperatures is of great interest.  One 

method of limiting grain growth is through tailoring the structure to contain a fine 

dispersion of small, hard particles throughout the material.  When a boundary encounters 

one of these particles, a pinning pressure is exerted on the boundary in opposition to the 

driving force for boundary migration [43].  This phenomenon is referred to as Zener 

Pinning [43].  The pinned boundary then requires an extra input of energy to overcome 

this pressure, thus reducing or halting grain growth.  Zener pinning has a very large effect 

on the recrystalization behaviour in age hardenable aluminium alloys, and is one of the 

most important factors in determining the recrystallized grain size [73]. An example of 

where Zener pinning has been used is in AA6xxx aluminium alloys to improve the grain 

size stability at elevated temperatures of a fine-grained superplastic material through the 

addition of zirconium.  Zirconium produced small precipitates which did not dissolve at 

high temperatures and helped to prevent grain growth [14].  

2.5.1.3 Dynamic Recrystallization and Grain Growth 

Recrystallization is the process by which a deformed grain structure is 

transformed into a low dislocation density structure.  Recrystallization removes most of 

the strengthening effects of strain hardening, thereby reducing the stress required to 

deform the material.  Dynamic recrystallization (DRX) is a general term describing 

recrystallization that occurs during deformation of a material.  There are three variations 

of dynamic recrystallization: continuous, discontinuous and geometric dynamic 

recrystallization [43].   

 

Continuous recrystallization occurs via the evolution of small angle boundaries 

(subgrain boundaries) into high angle boundaries and then the migration of those 

boundaries (grain growth) [43].  Subgrains themselves do not necessarily lead to 

recrystallization because low angle boundaries have a much lower mobility than higher 

angle boundaries [43].  In continuous dynamic recrystallization, increasing strains lead to 

more and more dislocations nucleating and dissociating via climb to subgrain boundaries.  
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This causes the misorientation angle of the boundary to increase.  Eventually, the 

misorientation is high enough that the subgrain can be considered a new grain (~15°).  

This process occurs in a fairly uniform manner throughout the material [43]. 

 

Discontinuous dynamic recrystallization occurs when there are large particles 

(>1μm) present in the material.  When a crystal with large particles present is deformed, 

high stresses build up around the particle due to mismatches between their elastic moduli 

and yield strengths.  These higher stresses lead to increased dislocation nucleation rates 

and therefore higher dislocation densities around the particle.  This can lead to the 

subgrains in the vicinity of the particle to increase in misorientation quicker than in the 

rest of the material.  Subgrains will then grow and consume the surrounding subgrains.  

This is known as particle stimulated nucleation (PSN) [43]. 

 

Geometric dynamic recrystallization is a special version of continuous dynamic 

recrystallization seen at high stresses and strains in some materials, particularly 

aluminium [43].  At high strains, the grains of the material become flattened and 

elongated in the direction of the force.  Also, the grain boundaries become serrated due to 

surface tension effects generated by the subgrains within the grains.  Eventually, the two 

sides of a grain will touch and annihilate each other, effectively pinching the grain in two 

[43].  This process is schematically shown in Figure 2.14. 

 

Figure 2.14:  Schematic of geometric dynamic recrystallization [43]. 
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In superplastic materials, it has been shown that during deformation, grain growth 

occurs more rapidly than would normally be expected during static annealing [74].  The 

grain growth rate has been shown to be proportional to the strain in these types of 

materials.  It is theorized that the grain growth rates are increased to help with 

accommodation of grain boundary sliding at grain triple points [74]. 

2.5.2 High Temperature Precipitation and Precipitate 
Coarsening 

Precipitation in metals can occur either homogeneously or heterogeneously.  In a 

solution treated alloy, large undercooling levels due to quenching to lower temperatures 

can lead to near homogeneous nucleation of fine precipitates distributed evenly 

throughout the material due to the high driving force for nucleation.  The driving force 

for nucleation is high at large undercooling levels due to a large free energy difference 

between the unstable single phase and the stable phases at the low temperatures.  

Homogeneous precipitation is seen in materials that are quenched and naturally aged or 

materials that have been aged at low temperatures.  If the driving force for nucleation is 

low, such as is the case with low levels of undercooling, nucleation will only occur on the 

highest energy sites within the material.  These high energy sites include dislocations, 

grain boundaries and pre-existing particles that were not solutionized.  This is known as 

heterogeneous nucleation [22].  Grain boundaries are particularly effective at nucleating 

incoherent precipitates, due to the inherent disordered nature of grain boundaries [22].  

Nucleation and growth of precipitates on grain boundaries is known as grain boundary 

precipitation (GBP). 

 

Coarsening refers to the growth of some precipitates at the expense of others, 

leading to structure containing larger, more widely spaced precipitates.  The driving force 

for coarsening is to decrease energy; by having a small number of large precipitates 

rather than many small precipitates, the total surface energy of the precipitates is 

decreased.  This is known as the Gibbs-Thomsom Effect.  Diffusion helps coarsening to 

proceed.  The kinetics of coarsening are dependent on the diffusion-rate (i.e. temperature) 

[22].  Growth will occur preferentially at defects or interfaces which will lead to the 
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largest decrease in free energy of the system.  Usually, this means preferential growth of 

precipitates on high angle grain boundaries.   

 

In general, grain boundary precipitates do not form as sheets along grain 

boundaries, but as isolated particles.  In an idealized situation where the precipitate was 

allowed to grow without outside influence, it would have the shape of two abated circles 

on each side of the boundary (Figure 2.15). 

 

 

Figure 2.15:  Idealized grain boundary precipitate (modified from [22]) 

The growth of a grain boundary precipitate occurs more rapidly than an isolated 

precipitate in the matrix.  This is because the boundary acts as a sink for solute atoms, 

which are then funnelled easily along the boundary (due to its disordered nature) to the 

precipitate.  The solute atoms can also travel easily along the precipitate‘s boundary with 

the matrix, allowing the precipitate to thicken instead of just growing along the boundary 

[22]. 

 

The precipitate in Figure 2.15 is an idealized shape, in which the precipitate is 

incoherent with both grains with which it interfaces.  It is also possible that the precipitate 

could have a coherent or semi-coherent interface with one or both of the grains.  

Coherency or semi-coherency with both interfacing grains is very unlikely as it would 

require both grains to be aligned with a favourable orientation with the precipitate.  If the 

precipitate has coherency with one of the grains, it will grow into that grain along a single 

direction.  A coherent precipitate has a lower interfacial energy, but misfit can lead to 

coherency strain as the precipitate grows.  An incoherent precipitate has a high interfacial 

energy, but has no misfit strain.  This means that in the case of a precipitate with one 

coherent/semi-coherent interface and one incoherent interface, the coherent/semi-

Grain 

Boundary 
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coherent portion may grow preferentially at some times, and vice versa [22].  Even 

precipitates which are incoherent with both bounding grains can still grow preferentially 

into one of the grains if a lower energy state is achieved when one of the facets of the 

precipitate grows along a specific crystallographic direction in the matrix [75]. 

2.6 High Temperature Cavitation and Failure Mechanisms in 
Metals and Alloys 

2.6.1 Background 

It is generally accepted that at elevated temperatures, most ductile materials fail 

by cavitation [5,68,76-87].  Failure by cavitation is a three step process involving: 

nucleation, growth and coalescence of voids [76-78].  Nucleation entails the formation of 

a void, usually on a pre-existing defect.  Growth of voids can occur through the diffusion 

of vacancies into pre-existing micro-cavities (diffusion growth) or by deformation of the 

surrounding crystalline lattice (plasticity-controlled growth).  Below a critical void size, 

growth is primarily diffusion controlled, while larger voids are primarily plastically-

controlled [79].  Finally, coalescence is the linking of adjacent voids to form an even 

larger void.  Coalescence eventually causes failure in the material. 

2.6.2 Cavitation in Single Phase Metals 

In single phase alloys, cavitation occurs primarily on grain boundaries transverse 

to the tensile load direction [80].  The tensile load on these boundaries increases the free 

energy of the boundary, making it a more favourable sink for vacancies.  The vacancy 

density will increase as vacancies are drawn to the area, and eventually micro-cavities 

will form.  This process is known as vacancy condensation [80].  Vacancies travel easiest 

along grain boundaries due to ‗short-circuit‘ diffusion [26,80].  Any effect that further 

increases the energy at a boundary can increase the rate of cavity formation.  One such 

process is caused by dislocation pile-up at the boundary, e.g. the end of a slip band 

[81,82].  Dislocation pile-up creates a stress concentration at the boundary which can 

increase the vacancy condensation rate [80-82].  Another form of increased stress at 

boundaries is seen during grain boundary sliding.  Very high stresses can be created at 

grain triple points, particularly if the GBS accommodation mechanism is slow.  This can 

lead to increased cavitation rates at these triple points [68,80].  The small grain size of 
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materials exacerbates cavitation problems associated with GBS when not accommodated 

adequately because the increased area fraction of grain boundaries allows easy diffusion 

of vacancies [79].  These cavity formation processes are illustrated in Figure 2.16. 

 

Figure 2.16:  Cavitation at boundaries caused by a) grain boundary sliding, b) vacancy condensation 

and c) dislocation pile-up [80]. 

 

2.6.3 Cavitation in Particle-Containing Alloys 

Second phase particles in a material are also a significant source of stress 

concentrations, which can lead to the formation of cavities.  If the particles are found at 

grain boundaries, the stress concentrations they cause can increase the rate of vacancy 

condensation [80].  Additionally, particles on grain boundaries can act as initiation points 

for slip, which can concentrate cavities that form from dislocation pile-up at these 

particles, further increasing cavitation rates [83-85].  Particles in the grain matrix can also 

nucleate voids either by dislocation pile-up, or by vacancy condensation, however, 

vacancy condensation occurs at a much slower rate without the aid of short-circuit 

diffusion of vacancies along grain boundaries [80].  Large particles can also fracture or 

lose cohesion with the matrix due to strain mismatch between the particle and matrix, 

creating a void, although this process is stress controlled process, rather than a diffusion 

controlled process [86]. 

 

a) b) c) 
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Precipitation hardened alloys add an additional layer of complexity to cavitation 

formation, particularly when inhomogeneous nucleation of precipitates, such as grain 

boundary precipitation, is involved.  When grain boundary precipitation occurs, the 

precipitates grow at the expense of matrix precipitates.  This leads to an area extending 

from the grain boundary that is relatively free of precipitates, called the precipitate free 

zone (PFZ).  The size of this zone is dependent on many factors, such as temperature, 

time, and solute diffusivity [83-85,87,88].  The PFZ is important because the main 

strengthening effect of precipitation-hardenable alloys has been removed from this 

region, leaving it weaker than the grain matrix [83,84].  Under stress, this can lead to the 

localization of strain within the PFZ due to the lower yield point.  This can strongly 

increase the cavitation rate at the grain boundary precipitates [83].  A schematic of the 

formation of cavities at grain boundary precipitates in a precipitation hardened alloy is 

shown in Figure 2.17. 

 
σ 

 

σ 
 

Figure 2.17:  Schematic of cavity formation on grain boundary precipitates (reproduced from [83]). 

2.7 AA6xxx Aluminium Alloys 

2.7.1 Background 

AA6xxx aluminium alloys are a group of heat treatable aluminium alloys 

containing magnesium and silicon, as well as copper in a number of commercial alloys.  

AA6xxx aluminium alloys are used in the automotive industry for outer body panels and 
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bumpers because of their weldability, good age-hardenability, formability, corrosion 

resistance, good surface finish and low cost [89].  Some alloys that are used in the 

automotive industry include AA6009, A6010, AA6016 and AA6111 [90].  AA6xxx 

alloys, such as AA6013, AA6061 and AA6113, also see limited use in the aerospace 

industry [90].   

2.7.2 Thermomechanical Processing Methods 

2.7.2.1 Commercial Sheet Manufacturing Methods 

An aluminium sheet begins as a cast ingot, or a casting from a direct continuous 

casting operation.  The ingot is usually then allowed to cool to room temperature.   

Following this, the ingot is reheated to approximately 500°C, and then passed through a 

hot rolling mill several times, reducing the thickness to approximately 4-6mm.  

Following this, the sheets are cold rolled to the desired thickness, then solutionized to 

remove any work hardening effects as well as dissolve constituents in heat treatable 

alloys [91].  Prior to delivery to a manufacturer, sheet material often undergoes extensive 

periods of natural aging.  This is commonly referred to as the T4 condition [2].   T4P is 

used to describe the commercially pre-aged temper used by Novelis in the fabrication of 

sheet material [92].  The pre-aging process follows a proprietary continuous process 

involving solution heat treatment, followed by water quenching and pre-aging stages [2].  

A schematic of this heat treatment process is shown in Figure 2.18.   
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Figure 2.18:  Schematic of the thermal processing history for the T4P material. 

 

2.7.2.2 Laboratory Scale Methods for Grain 
Refinement 

As stated earlier, a refined grain structure is advantageous because it increases the 

strength of the material, and it can improve the ductility of the material by allowing high 

diffusion rates and deformation by GBS.  The improvement in ductility is of particular 

interest for AA6xxx aluminium alloys.  It has been shown that obtaining a grain size of 

approximately 10μm or less can produce a superplastic behaviour [10,79,93].  The two 

most prominent processes used to produce fine grain structures in AA6xxx aluminium 

alloys, rolling followed by heat treatment and severe plastic deformation, are described 

below. 

 

The first procedure involving rolling and subsequent heat treatment, pioneered in 

the 1970‘s [94,95], and more recently applied and expanded upon by Kovacs-Csetenyi et 

al. [96], Chung et al. [97] ,Troeger and Starke [10] and Kaibyshev et al. [14], makes use 

Storage at Room Temperature 
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of recrystallization facilitated by particle stimulated nucleation (PSN) of dislocations.  

The general procedure behind each of these methods is as follows.  First, a homogeneous 

dispersion of overaged precipitates is produced.  Next, the material is deformed heavily 

deformed to nucleate recrystallized grains at the precipitates.  Finally, the material is 

statically recrystallized to grow the nucleated grains and produce a fully recrystallized 

structure [10].  See Figure 2.19 for a schematic of the procedure used by Troeger and 

Starke [10]. 
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Figure 2.19:  Schematic of particle stimulated nucleation applied to grain refinement applied 

by Troeger and Starke [10]. 

The main difference in these methods lies in how the uniform distribution of 

precipitates is achieved.  Kovacs-Csetenyi et al. [96] produced their overaged precipitates 

by simply statically ageing after a solutionizing heat treatment.  Chung et al. [10] 

attempted to produce a more uniform distribution of precipitates by first cold rolling the 

material 10%, then statically ageing, in order to promote precipitation on dislocations.  

However, it was found that 10% CW was not sufficient to promote precipitation on 

dislocations rather than other high energy sources such as grain boundaries [10].  Troeger 

and Starke had better success by nucleating precipitates on deformation bands produced 

through 60% CW [10].  Kaibyshev et al. [14] had similar success by warm rolling to 70% 
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reduction followed by overaging. The amount of CW after the overaged precipitate 

structure was produced varied between 60 and 80%.  The grain size produced by these 

procedures was approximately 10μm [13,14,96].  Shown below in Figure 2.20 are the 

precipitate structure before deformation and grain structures after deformation and 

recrystallization for the materials produced by Troeger and Starke [10], and Kaibyshev 

[14]. 

 

 

Figure 2.20:  Precipitate structure after heat treatment and grain structure after deformation and 

recrystallization of heat-treated structure for fine-grained materials as produced by Troeger and 

Starke, a) and b) [10] and by Kaibyshev,  c) and d) [14]. 

The second method of grain refinement which has been applied to AA6xxx 

aluminium alloys is severe plastic deformation (SPD).  SPD is a general term for a 

number of processes that impart very large strains to a material.  These processes include: 

equal channel angular pressing (ECAP)[98-100], high pressure torsion (HPT) [101], 

asymmetric rolling (AR) [102,103] and accumulative roll bonding (ARB) [104].  To the 

best of the author‘s knowledge, only ECAP, ARB and AR have been reported to be 

a) b) 

c) d) 
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applied to AA6xxx aluminium alloys.  ARB involves the repeated rolling, dividing and 

stacking of a sheet material.  This allows basically unlimited strains to be applied to the 

material.  ECAP, by far the most popular form of SPD, involves the pressing of a billet, 

or plate through an angular channel.  This imparts very high shear strains upon the 

material.  One of the reasons for this procedure‘s popularity is that the part retains its 

dimensions after pressing, making subsequent pressings easy.  All of these SPD methods 

of grain refinement rely either upon geometric dynamic recrystallization to produce a fine 

grain structure, or the introduction of a highly deformed structure followed by 

recrystallization.  Lee et al. [104] were able to produce an average grain size of ~0.5μm 

using ARB after 6 rolling and stacking cycles; more cycles did not further reduce the 

grain size.  Kim et al. [72] used ECAP to on solution treated AA6061 followed by ageing 

to produce a grain size of 1.4μm.  Xu et al. [100] reported grain sizes of ~1.3μm 

produced using ECAP after as few as only 4 passes, similar to results found for pure 

aluminium [105,106].  Morris et al. [107] were able to produce a submicron grain 

structure using ECAP in an Al-Mg-Si alloy. 

2.7.3 Precipitation Behaviour and Sequence 

Precipitation involves the evolution of small particles, from their most unstable 

form to most stable, through a series of metastable phases.  The alloy chemistry and 

processing history dictate which phases will be present.  The precipitation sequence in 

AA6xxx aluminium alloys has been extensively studied [108-120].  One of the primary 

factors that affects precipitation in these alloys is whether or not the material contains 

copper; the precipitation sequence and strengthening precipitate is different if copper is 

present.  Small variations in the composition of the alloys, such as silicon concentration, 

can also lead to variations in the precipitation sequence and the precipitates themselves 

[112].  The most common precipitation sequence will be described below for copper-free 

and copper-containing alloys. 

 

In ternary 6000 series aluminium alloys (Al-Mg-Si), the basic precipitation sequence has 

been described as follows:  from supersaturated solid solution (SSS), clusters of solute 

atoms form, followed by the formation of Guinier–Preston (GP) zones.  Next, precursors 
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of the equilibrium β phase (Mg2Si), β‖ and β‘, form.  Finally, equilibrium is reached with 

the formation of the β phase.  This process is illustrated in Figure 2.21 

 

SSS 
Mg/Si 

Clusters 
GP 

zones 
β” β’ β 

 

Figure 2.21:  Precipitation sequence in Al-Mg-Si alloys [108]. 

The primary strengthening phase in this material is the β‖ phase.  β‖ is needle shaped, 

and the lengths are aligned along the <100>Al directions.  In the peak aged condition, the 

β‖ precipitates in AA6111 are a few nanometres in size [115].  The exact size can very 

greatly depending on the exact alloy composition and previous ageing history.  The 

equilibrium β phase is plate shaped, and can grow to be several μm large [120,121].  

 

In quaternary alloys (Al-Mg-Si-Cu), such as 6111, the addition of copper 

produces a new equilibrium phase is produced.  This phase is the quaternary Q phase.  In 

high-copper alloys such as 6111, the precipitation sequence has been reported as: 

 

SSS 
Mg/Si 

Clusters 
GP 

zones 
β”+Q” Q’+β’ 

(or β) 
Q+β 

 

Figure 2.22:  Precipitation sequence in Al-Mg-Si-Cu alloys [120]. 

Here, the primary strengthening precipitates are the β‖ and Q‖ phases.  The Q‖ 

phase has a lath morphology.  The length of the lath-shaped precipitate lies along the 

<100>Al direction, while the habit plane normal to the {100}Al plane [120].  The average 

equivalent radius of Q‖ in AA6111 has been reported as  ~2nm and the length as ~30nm 

in the peak aged condition immediately following solutionizing [115].  Again, small 

changes to the composition and thermal processing history can greatly affect these 

values.  The equilibrium Q phase can grow to similarly large sizes as the β phase 

[115,120,122,75]. 
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2.7.4 Coarsening and Grain Boundary Precipitation 

With extended exposure to elevated temperatures, the precipitation composition 

of AA6xxx aluminium alloys has been shown to evolve from the peak aged condition 

containing β‖ and Q‖, to a structure containing the equilibrium phases β and Q [120].  

The formation of these precipitates has been shown to occur concurrently with an 

increase in size, and decrease in number of each of these precipitates [120,122].  The 

thermodynamic stability of each of the equilibrium phases can be calculated.  The 

equilibrium phase compositions are shown for the common alloy AA6111 below in 

Figure 2.23. 

 

Figure 2.23:  Calculated equilibrium phase compositions for AA6111 [123]. 

 This shows that the primary phase at temperatures below ~450°C is the Q phase, 

while the β phase (Mg2Si) is dominant at higher temperatures.  Note that different 

processing routes can have a very large effect on the proportion of each phase in the 

material.  The overaged microstructure of an AA6111 sample is shown in Figure 2.24 

which highlights the morphology and orientation relationship of each of the equilibrium 

phases. 
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Figure 2.24:  Precipitate structure of AA6111 overaged for 21 days at 300°C [120]. 

 In this image, the large, plate shaped β precipitates can be seen (marked as (4) in 

the image), as well as the lath-shaped Q phase (marked as (1) in the image).  The curved 

precipitates marked as (3) are chemically reacted Mg2Si rods left as a by-product of the 

etching process.  The round-ended precipitates marked as (2) are suspected to be β‘ 

precipitates [120]. 

 

Heterogeneous nucleation of precipitates on grain boundaries has been shown to occur in 

AA6xxx aluminium alloys during exposure to elevated temperatures [124].  Shown in 

Figure 2.25 is an example of grain boundary precipitation which occurred in AA6111 

which had been cooled at a slow rate from the solutionized state; the sample which was 

quenched quickly does not show grain boundary precipitation [124]. 
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Figure 2.25:  Effect of quench rate, (a) 7°C/s and (b) 140°C/s, on grain boundary precipitation in 

AA6111 [124]. 

 It was shown by Weatherly et al. [75] that all the grain boundary precipitates in 

their study on overaged AA6111 were of the Q phase.  It was also highlighted in that 

study that the Q precipitates maintained a preferred orientation relationship with one of 

the grains if the boundary did not contain a favourable orientation, which resulted in the 

precipitate growing into that grain from the grain boundary [75].  

2.7.5 Mechanical Behaviour 

2.7.5.1 Room Temperature Tensile Behaviour  

The room temperature tensile behaviour of 6000 series aluminium alloys has been 

well documented (e.g. [3,125,126]).  The level of precipitation in the alloy can 

significantly affect the strain to fracture in the material.  It has been shown that the 

fracture strain varies linearly with the yield strength [125], while the yield strength is a 

function of the aging condition of the alloy.  Figure 2.26 shows the variation of the 

fracture strain with yield strength in AA6111 aged at various temperatures [125]. 
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Figure 2.26:  The scaling of fracture strain with yield strength in AA6111[125]. 

As stated before, failure in ductile materials such as aluminium is caused by 

nucleation, growth and coalescence of voids.  In 6000 series alloys, it has been found that 

voids primarily nucleate on large, iron containing particles [125].  Nucleation of these 

voids happens rapidly at the onset of necking in the material, concentrated at a favoured 

shear angle (~45°) [3,125].  Figure 2.27 shows a schematic of this process. 

 

Figure 2.27:  Void sheeting leading to ductile shear failure [127]. 
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It has been shown that the strain-rate sensitivity of these alloys are very low 

(m≈0) [4], and as a result, there is very little resistance to strain localization, which leads 

to the rapid necking and failure [125]. 

2.7.5.2 High Temperature Tensile Behaviour 

There has been very little work to study the tensile behaviour of AA6xxx 

aluminium alloys at high temperatures, likely due to the effect elevated temperatures 

have on the age-hardenability of the material.  The body of work that does exist is 

divided into two groups:  deformation of conventional alloys, and deformation of fine-

grained materials. 

 

Li and Ghosh [4,12] have reported on the tensile properties of AA6111 under 

warm deformation conditions (200-350°C).  In these reports, AA6111 in the T4 condition 

was compared to several 5000 series aluminium alloys at various temperature and strain-

rate conditions.  It was found that testing at elevated temperatures increased the 

elongation to failure, however, the improvement was not nearly as much as the 5000 

series alloys.  Additionally, the strain to failure was found to decrease with increasing 

strain-rate.  Figure 2.28 shows the elongation to failure as a function of temperature as 

found by Li and Ghosh.  Additionally, they found that the strain-rate sensitivity, m, did 

increase with temperature, but not significantly.  Figure 2.28 shows the value of the 

strain-rate sensitivity as a function of time for the three alloys. 
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Figure 2.28:  Scaling of elongation to failure and strain-rate sensitivity with temperature in several 

Al alloys [4]. 

In a study by Lassance et al. [11], AA6060 and AA6005A cast samples were 

tested at temperatures between 450°C and 600°C [11].  They found similar moderate 

increases in the elongation to failure (from 28% at room temperature to 50% at 590°C) 

with elevated temperatures.  The strain-rate sensitivity was found to be very high, almost 

0.5 at the highest temperature, despite the low elongations.  Failure was determined to be 

due to void formation.  Interestingly, they found that the volume fraction of voids 

decreased with increasing strain-rate.  They theorized that this was due to increased local 

stress triaxiality around nucleating voids, leading to decreased growth rates [11].  They 

also found that void formation could be reduced by transforming the jagged β 

intermetallics into rounded α intermetallics through annealing [11]. 

 

In the fine-grained class of reported tests, Troeger and Starke [10,13,93] have 

reported superplastic behaviour caused by grain boundary sliding in AA6013 and 

AA6111 with a fine-grain structure (~10μm) produced by a combination of rolling and 

heat treatment processes, as shown in Figure 2.19.  The reported maximum elongation 

was 375% at a strain-rate of 5x10
-4

s
-1 

and a temperature of 540°C [93,10,13].  Failure was 
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caused by cavitation.  Higher strain-rates led to increased cavitation rates.  Figure 2.29 

shows the elongation to failure and strain-rate sensitivity of the material studied by 

Troeger and Starke [13]. 

 

Figure 2.29:  Strain-rate sensitivity and elongation to failure of a fine-grained 6xxx aluminium alloy 

as found by Troeger and Starke [13]. 

Park et al. [15] tested an AA6013 alloy that had been produced through warm 

rolling and annealing, and achieved superplastic elongations of 370% at a strain-rate of 

1x10
-4

s
-1

 and a temperature of 560°C [15].  In each of these reports, superplastic 

behaviour was only found in a very narrow range of strain-rates and temperatures.  

Kaibyshev et al. [14] produced a fine grain structure in AA6061 modified with Zr 

through PSN, and achieved elongations of 580% at a strain-rate of 2.8x10
-4

s
-1

 and a 

temperature of 570°C [14].  Kaibyshev et al. [128] went on to test the same material at 

even higher temperatures, where incipient melting occurs, i.e. at 590°C, and produced an 

elongation of 1300%.  Melting was though to aid accommodation of GBS and repair any 

cavities that were generated [128].  Figure 2.30 shows the elongation to failure and strain-

rate sensitivity found by Kaibyshev et al. [128] for their modified AA6061 alloy. 
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Figure 2.30:  Elongation to failure and strain-rate sensitivity found by Kaibyshev et al. for a modified 

fine-grained AA6061 alloy [128]. 

  Kim et al. [72] produced a fine grain structure in AA6061 through ECAP, and 

managed to achieve elongations of 280% at a strain-rate of 3x10
-4

s
-1

 and a temperature of 

540°C.  Figure 2.31 shows the stress-strain curves for this testing condition.  Once again, 

the strain-rate sensitivity was found to be m=0.5, consistent with grain boundary sliding 

mechanism for high temperature deformation of Al alloys [72].   

 

Figure 2.31:  Stress-strain curves for AA6061 processed by ECAP for 8 and 12 passes and the 

unprocessed material, tensile tested at 540°C [72]. 
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Chapter 3 Scope and Objectives 
 

The present work aims to examine the properties of a recently developed fine-

grained AA6451 aluminium sheet under room and elevated temperature deformation and 

relate these properties to microstructural changes within the material.  The behaviour will 

be compared to that of the commercially-processed AA6451 aluminium alloy to assess 

improvement in the properties. 

 

To achieve the goals of this project, several experiments are conducted.  Each 

material‘s grain structure and precipitate structure are examined after various stages of 

high temperature exposure to determine the effect of temperature on the material.  

Samples are deformed at various elevated temperatures and strain-rates to evaluate the 

stress-strain properties and the mechanisms of deformation.  The fracture surfaces are 

examined to determine the mode of failure, and the microstructure of the deformed 

samples are re-evaluated to determine the effect of deformation on the grain structure. 

 

The testing procedures and equipment used in the evaluation of the materials are 

introduced in Chapter 4.  The results of the experiments are shown in Chapter 5, followed 

by a discussion of the results in Chapter 6.  Finally, conclusions are drawn and 

recommendations for future work are provided.  In order to provide a comprehensive 

report, some of the experimental results obtained by research collaborators are also 

included and acknowledged. 
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Chapter 4 Experimental Methodology 

4.1 Introduction 

This chapter on experimental methodology covers four topics:  materials, 

mechanical testing procedures, sample preparation methods and microstructural 

examination procedures.  A description of each material‘s composition and 

thermomechanical history is given. This is followed by the procedure used to prepare 

samples for elevated temperature uniaxial tensile tests and stress relief tests, as well as a 

description of the equipment used in these tests.  Next, the mechanical polishing, 

electropolishing and chemical etching procedures are described.  Finally, each of the 

microstructural investigation methods is described.  These include:  cavitation 

measurement, precipitate examination, grain size examination and fracture surface 

examination. 

4.2 Materials 

4.2.1 T4P AA6451 Aluminium 

The AA6451 aluminium alloy was supplied by Novelis Global Technology 

Center.  The alloy composition is given in Table 4.1. 

Table 4.1:  Nominal composition of AA6451 aluminium alloy (wt%) 

Mg Si Cu Fe Mn Ti Zn V Ni Cr Zr 

0.64 0.77 0.31 0.26 0.23 0.024 0.019 0.012 0.006 0.001 <0.001 

 

The as-received sheet had a thickness of 1mm.  The sheet had been fabricated from a DC-

cast ingot and processed through hot-rolling, cold-rolling and solution heat treatment.  

The material was supplied in the T4P condition.  For the purposes of this document, this 

material will be referred to as T4P.   

4.2.2 Fine-grained AA6451 Aluminium 

The fine-grained AA6451 had the same chemical composition as the T4P 

material, however, it was fabricated using a proprietary [129] thermomechanical 
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processing route.  The DC-cast material was hot rolled to a thickness of 5mm or 4.5mm.  

Next, the material was solutionized for 15 minutes at 560°C, and then quenched in water.  

The material was then allowed to naturally age (NA) for 2 weeks. This was followed by 

80% cold rolling to a thickness of 1mm or 0.9mm, respectively (total cold 

reduction=80%).  Finally, the material was ramp-heated at a rate of 0.4°C/minute to 

380°C and held there for 20 minutes, then furnace cooled to room temperature.  The 

thermal processing history of the fine-grained material is given in Figure 4.1.  For the 

purposes of this document, this material will be referred to as FG. 
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Figure 4.1:  Schematic of the thermomechanical processing history for the fine-grained sheet [129]. 

4.3 Mechanical Testing 

Mechanical testing, consisting of uniaxial tensile tests and stress relaxation tests, 

were conducted using Instron test frames.  Early uniaxial tensile tests were conducted at 

the Novelis Global Research Center on a servo-driven Instron 4400 test frame fit with an 

environmental chamber.  Temperature feedback was supplied by K-type thermocouples 

80% Thickness Reduction 

(Cold Rolling) 
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attached to the grips within the chamber.  Data was collected using the Bluehill software 

package from Instron.  The strain was measured using a video extensometer.  Load was 

measured using a 10kN load cell, and crosshead position was measured with a linear 

variable differential transformer (LVDT).   

 

The bulk of the uniaxial tensile tests and the stress relaxation tests were conducted 

at the University of Waterloo on an Instron 1331 hydraulic test frame utilizing a 

FastTrack 8800 controller.  Load was measured using an Instron Dynacell 25kN dynamic 

load cell (with a lower rated accurate range of ~1000N), while crosshead position was 

measured using an LVDT.  The test frame was fitted with an ATS 3210 clamshell furnace 

with three controllable temperature zones.  The temperature was controlled via an ATS 3-

zone temperature controller.  Feedback was supplied to the controller by a K-type 

thermocouple positioned 1mm from the surface of the test specimen.  Tests were run, and 

data was collected using the Bluehill 2 software package from Instron.  Figure 4.2 shows 

the experimental setup of the mechanical testing equipment. 

  

Figure 4.2:  Mechanical testing rig. 
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4.3.1 Grip Design and Sample Dimensions  

The specimen grips for the high temperature mechanical testing were originally 

designed by Novelis to allow rapid insertion of a sample into the grips, so as to minimize 

the time that the environmental chamber must remain open.  The original design was 

modified by the author for use with the clamshell furnace, while still maintaining the 

same specimen geometry (so that the data from the two testing facilities may be 

compared).  A rendering of the grips is shown in Figure 4.3. 

    

Figure 4.3:  Rendering of high temperature specimen grips. 

Due to the way the grips were designed, the specimen width was fixed, however 

the length of the specimen could be varied.  For this study, the fully reduced length was 

selected to be 0.75 inches or 19.05mm.  This length was chosen to maximize the number 

of sample that could be made from the limited amount of material available, as well as 

minimize the variation in temperature along the length due to convective effects within 

the furnace.  The specimen geometry is shown in Figure 4.4. 

Specimen 

Clamp 

Crosshead 

motion 
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Figure 4.4:  Tensile and stress relaxation specimen geometry (dimensions in inches). 

The reduced length of the tensile specimen was greater than 0.5 inches to allow a 

transition zone, as is suggested by ASTM standards [130].  The specimen geometry does 

not match those laid out by ASTM, and as such, the results of the mechanical tests should 

not be considered directly comparable with tests done on standard ASTM tensile 

specimens.   

 

Tensile specimens were cut from the sheets in the rolling directing using a CNC 

machine.  Prior to each test, the specimen width and thickness were measured using a 

micrometer at three positions along the specimen reduced area and averaged.  These 

values were input into the Bluehill software to be used in stress and strain calculations.  

The gauge length was taken to be exactly 19.05mm as measurement of this dimension is 

not possible with any accuracy. 

 

4.3.2 Clamshell Furnace  

Prior to testing, a number of trial runs were conducted to calibrate the clamshell 

furnace and to ensure the temperature was even over the length of the tensile specimen.  

This was done by raising the temperature of the furnace and grips to the desired point, 

then allowing the temperature to stabilize.  The furnace was then opened, a sample 

inserted into the grips, and the furnace closed again.  The specimen was allowed to soak 

for 2 minutes at temperature, and then a handheld thermocouple and temperature reader 

were used to check the temperature at various points along the specimen‘s length.  The 



48 

furnace was calibrated such that the desired temperature was reached at the center of the 

gauge length.  The temperature varied by ±5°C along the gauge length, with the specimen 

being hottest at the top and coolest at the bottom.  Despite increasing the current output to 

the lowest zone of the furnace and decreasing the current output to the upper zone, this 

could not be improved.  When a large sample, simulating a sample that had undergone an 

elongation of 400%, was tested in this manner, the variation in temperature along the 

length of the specimen increased to as much as ±15°C.  These variations in temperature 

were attributed to convective currents within furnace. 

 

Figure 4.5:  Clamshell furnace showing three temperature zones. 

4.3.3 Static Ageing 

Static ageing was conducted on samples by placing the samples into a preheated 

furnace for a predetermined amount of time.  Samples were then immediately quenched 

in water to halt any temperature related effects during cooling.  A BlueM chamber 

furnace was used for the experiments, and temperature was controlled using a K-type 

thermocouple positioned within 1cm of the samples. 

4.3.4 Uniaxial Tensile Testing 

As stated earlier, some tensile tests were conducted at the Novelis Global 

Research Center, while the majority were conducted at the University of Waterloo.  The 

Zone 1 

Zone 2 

Zone 3 

Thermocouple 
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early tests conducted at Novelis included all temperatures at strain-rates of 5.0x10
-4

s
-1

 

and 2.0x10
-3

s
-1

,
 
and at 2.0x10

-2
s

-1
at 500 and 550°C.  Most of these experiments were 

repeated at the University of Waterloo to ensure repeatability and accuracy.  The same 

procedure, preheat time and insertion method, was followed for every test.   The test 

matrix for each material is given in Table 4.2.  Each test was repeated at least once, and 

any sample that failed outside of the sample‘s reduced area was discarded. 

Table 4.2:  Uniaxial tensile test matrix for each material. 

Initial Crosshead 

Speed (mm/min) 
0.57 2.29 22.86 76.20 760.00 

Initial Strain Rate 

(s-1) 
5.0x10-4 2.0x10-3 2.0x10-2 6.7x10-2 6.7x10-1 

Room Temperature  x x x x x 

350°C x x x x x 

400°C x x x x x 

450°C x x x x x 

500°C x x x x x 

550°C x x x x x 

 

Prior to testing, the alignment of the grips was checked to insure that the 

specimen was not twisted, and remained vertical throughout the test.  The crosshead was 

positioned so that the sample could be easily inserted into the grips.  For high temperature 

tests, the furnace was closed around the grips with the clamps in place, and heated to the 

desired temperature.  In each test, the strain is produced through moving the crosshead at 

a constant rate.  The initial strain-rate is related to this crosshead rate of travel by 

Equation 4.1. 

 
0L

X
e


   Equation 4.1 

Where e  is the initial strain-rate, X  is the crosshead speed and 0L  is the specimen 

reduced area length.  The crosshead speed and the specimen dimensions were entered 

into the Bluehill software.  When the temperature in the furnace had stabilized, the 
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furnace was opened and the clamps were removed.  The specimen was then placed into 

the grips, the clamps were placed back into position and the furnace was closed.  The 

specimen was held in the furnace for two minutes before the test was started to allow the 

furnace to equalize again, and allow the specimen to reach the desired temperature.  The 

test was then started with the Bluehill software.  The test was stopped manually when the 

specimen failed.  When the test was finished, the furnace was opened and the specimen 

was removed.  Failed specimens were allowed to air cool. 

 

In all high temperature tests, the strain reported is calculated from the motion of 

the crosshead using Equation 4.2. 

 
00

0

L

X

L

LL
e 


  Equation 4.2 

Where e  is the engineering strain, L  is the current length of the specimen and X  is the 

distance the crosshead has traveled.  This method of strain measurement is not ideal as it 

includes any strain occurring outside of the gauge length, however it has been used often 

in similar tests in literature [4,99].  The tests conducted at Novelis included 

measurements from a video extensometer, and a comparison of this strain data with 

crosshead strain showed that, on average, there was a 10-20% underestimation of the % 

elongation when Equation 4.2 was used.  An example of a stress-strain plot showing both 

the strain measured by the crosshead motion and the strain measured by a video 

extensometer is shown in Figure 4.6. 
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Figure 4.6:  Comparison of stress and strain measured by crosshead displacement and video 

extensometer. 

In tensile tests conducted at room temperature, the strain was measured using an Instron 

2620-601 Dynamic Extensometer.  The extensometer could support gauge lengths of 

12.5mm, 25 mm or 50 mm, with a travel of ±5 mm.  This allowed measurement of the 

strain, elastic modulus and yield stress.  In these tests, the gauge length, 0.5 inches, was 

used to calculate strain.  It was observed that deformation outside of the gauge was more 

prominent at room temperature.   

 

The stress reported in all uniaxial tensile tests is the engineering stress, as 

calculated by Equation 4.3. 

 
0A

P
  Equation 4.3 

Where   is the engineering stress, P  is the applied load and 0A  is the cross-sectional 

area of the undeformed tensile specimen‘s reduced length.  Calculation of the necking 
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corrected true stress of a rectangular specimen was not considered for this investigation 

due to the difficulties involved with measuring the cross-sectional area of the specimen in 

real-time [131,132]. 

 

There are 4 important pieces of data that can be extracted from a stress-strain curve:  

elastic modulus (E), yield stress (YS), peak stress or ultimate tensile stress (UTS) and the 

elongation or strain at failure ( fe ).  The elastic modulus was found by taking the slope of 

the stress-strain curve in the linear region.  The yield stress, or the stress at which the 

material begins to deform plastically, was determined by finding the point where a line 

parallel to the linear region, offset by 0.2% strain, crosses the stress-strain curve.  The 

estimation of the elastic modulus was only used to ensure the accuracy of the tensile tests.  

The UTS is the maximum stress on the stress-strain curve; this value is used to report the 

strength at high temperatures.  The failure strain is difficult to determine when testing at 

high temperatures due to the highly ductile nature of the failure.  In order to have a 

consistent method of determining the failure strain, the point of maximum negative slope 

at the end of the stress-strain curve was chosen.  Examples of the UTS and failure strain 

are shown Figure 4.7. 
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Figure 4.7:  An example of a UTS and a failure strain measurement from a stress-strain curve. 

To calculate the strain-rate sensitivity, m, the procedure described by Hedworth 

and Stowell [27] and applied by Li and Ghosh [4] was used.  Using this method, the 

strain-rate sensitivity is defined as by Equation 4.4. 
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Where 1,UTS  and 2,UTS are the UTS of two tensile curves (same temperature), and 1,I  

and 2,I are the initial strain-rates of those curves.  The average value of m for each 

temperature is calculated by fitting a curve to the log(σUTS) vs. log(
E

 ) plots for  each 

UTS 

Failure 
Strain 
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temperature, and taking the slope of that line.  The activation energy, Q, can also be 

calculated using the same data, as given by Equation 4.5. 
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Where 1  and 2  are strain-rates at temperatures 1T  and 2T , respectively, at a constant 

stress, σ, and R is the ideal gas constant.  In practice, the strain-rates at various 

temperatures and a constant stress were not measured, therefore, the data was 

extrapolated from the curve fits described above.  The values of Q reported were taken as 

the average of the activation energies calculated at the lower and upper extremes of 

stresses measured, and only on adjacent temperatures.  The determination of Q and m are 

illustrated in Figure 4.8. 
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Figure 4.8:  Illustration of the strain-rate sensitivity, m, and the activation energy, Q. 

 

In Chapter 2, it was shown that log(σ) vs. log( ) plots of data at different 

temperatures may be consolidated into a single curve by normalizing the data with the 

m 

Q1 

Q2 

QT1-T2=(Q1+ Q2)/2 



55 

elastic modulus, E, and the self diffusion coefficient, DSD (Figure 2.7 and Figure 2.9).  

These parameters are calculated using Equation 4.6 and Equation 4.7, respectively.  E is 

taken from a curve fit to empirical data from Köster for pure Al [134]. 

 20.03084T - 12.98T - 77630E   [134] Equation 4.6 

 






 
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RT

Q
DD SD

SD exp0   [18] Equation 4.7 

 

Where E is in MPa, T is the temperature in K, D0 is the lattice diffusion constant  

(1.7x10
-4

m
2
/s in Al [18]) and QSD is the self diffusion activation energy (142kJ/mol in Al 

[18]). 

4.3.5 Stress Relaxation Testing 

Stress relaxation tests were conducted using the Instron 1331 hydraulic test frame 

in the same configuration used for uniaxial tensile tests, and the preparation procedure 

followed was the same.  In the stress relaxation test, rather than strain the sample to 

failure, the sample was strained to a low level of strain, 3%, and then the crosshead was 

halted.  Load vs. time data was gathered for 10 minutes after the crosshead has stopped.  

The initial strain-rate chosen for the straining of the samples was chosen to be  

4.37x10
-2

s
-1

, corresponding to a cross-head speed of 50mm/minute.  This value was the 

maximum possible without causing excessive vibrations within the system when the 

crosshead was stopped.  These vibrations caused large fluctuations in the load reading, 

overshadowing the relaxation data.  The data capture rate was set to the maximum value 

possible (200 recorded samples/second) to allow capture of the rapid relaxation seen 

immediately after the crosshead was stopped.  A sample load vs. time curve for a stress 

relaxation test up to a total of 50 seconds is shown in Figure 4.9. 
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Figure 4.9:  Example of load-time curve from a stress relaxation test. 

The procedure for determining the flow stress and inelastic strain-rate was laid out 

by Lee and Hart [71].  The first step in this process was to determine the elastic constant 

of the system, or inverse of the system compliance, K.  This value can be calculated using 

Equation 4.8. 
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Where mC  is the machine compliance, L  is the length of gauge section less its elastic 

extension, A  and 0A  are the current and initial cross-sectional areas of the gauge, 

respectively and 0L  is the initial gauge length.  Accurate determination of the machine 

compliance was difficult, as was determination of the elastic modulus of the material at 

elevated temperatures.  The system compliance was therefore measured for each test by 

taking the slope of the linear region of the loading curve.  Figure 4.10 shows an example 

of a sample loading curve along with the system compliance. 

Relaxation Begins 
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Figure 4.10:  Example of extraction of system compliance from stress relaxation test. 

To facilitate further processing, the resolution of the data was adjusted.  A high 

resolution was maintained at very early times, and as the time is increased, the data 

resolution was decreased.  At each point where the resolution was decreased, the data 

point was taken as the average of surrounding data points.  This generated a curve with 

many fewer data points while maintaining the shape of the relaxation curve.  An example 

of the recorded and reduced resolution data curves are shown in Figure 4.11. 

K 
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Figure 4.11:  Example of data point reduction of load-time curve. 

At any point in time, L  is given by the relationship in Equation 4.9. 

 
K

P
XLL  0   [71] Equation 4.9 

Additionally, from the load vs. time data, the rate of change of load with time, P , is 

determined.  Differentiating Equation 4.9, the rate of change in the inelastic length, L , is 

determined. 

 
K

P
LL


  1    [71] Equation 4.10 

Where 1L  is the rate of change of the length of the reduced length.  During a relaxation 

test, however, since the crosshead does not move, this value equals to zero.  Finally, the 

stress ( ) and inelastic strain-rate ( ) is determined using Equation 4.11 and Equation 

4.12, respectively.  The stress vs. inelastic strain-rate is then plotted on a log-log scale. 
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   [71] Equation 4.11 

 
L

L
    [71] Equation 4.12 

Once the plots are complete, the constitutive parameters (σ* and έ*) from Equation 2.9 

and Equation 2.10 are determined.  This is done by applying non-linear regression to the 

equations, and fitting them to the data points using the SigmaPlot software suite. 

4.4 Sample Preparation for Various Measurements 

This section describes the procedures by which the samples are prepared for 

further microstructural examination.  These preparation methods include: mechanical 

polishing, electropolishing and chemical etching. 

4.4.1 Mechanical Polishing Procedure 

All samples were polished prior to metallographic examination.  Samples 

prepared for grain size and cavitation measurements were mounted in an epoxy resin 

prior to polishing.  Samples which were to be electropolished (e.g. for precipitate 

examination), were not mounted.  Samples were first ground to the mid-plane of the 

sample using SiC paper with grits ranging from 400 to 5000, followed by polishing in a 

3μm and 1μm diamond suspension.  Samples prepared for cavitation measurements were 

given a final polish in water based colloidal silica (~0.04μm) and glycerol.  Samples were 

washed with water and alcohol between each step.  Figure 4.12 shows a schematic of the 

polishing procedure. 
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Grinding w/ 
SiC Paper 

 

Polishing w/ 
Diamond Suspension 

Final Polish w/ 
Colloidal Silica 

400grit 5000grit 3μm  1μm  0.04μm  

1 2 3 

 

Figure 4.12:  Schematic of mechanical polishing procedure. 

4.4.2 Electropolishing Procedure 

Electropolishing is an electro-chemical process by which material is removed 

from the surface of a sample.  An electropolishing setup consists of four major 

components:  anode, cathode, electrolyte and power supply.  When the anode, or 

specimen, is placed into the electrolyte bath, immediately a layer, called the polishing 

layer, will be deposited on the surface of the material.  This layer is more viscous than the 

rest of the electrolyte and has a higher electrical resistance.  Bumps on the surface of the 

material will be closer to the surface of the layer, which means that there will be less 

resistance.  This means that there is higher current reaching the bump, which causes it to 

dissolve faster [135]. 

 

The basis for the electropolishing procedure used in this project has been 

described by [124].  This procedure has the additional effect of oxidizing any magnesium 

containing particles on the surface of the sample, making them highly visible when 

viewed in secondary electron mode in the scanning electron microscope (SEM)  In this 

procedure, the electrolyte used is 30% nitric acid in methanol held at -30°C.  Note that 

mixing nitric acid with methanol is an exothermic reaction, and to reduce the risk of 

explosion, the methanol should be cooled to at least -20°C before the nitric acid is added.  

Cooling was provided by a bath of dry ice and methanol.  The cathode used was 

commercially pure aluminium and the operating voltage was 9 volts.  The 

electropolishing setup with each of the components is shown in Figure 4.13. 
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1. BK Precision 1715A DC 

power supply (60V/2A) 

 

 

2. Fisher Thermik Magnetic 

Stirring Hotplate 210T 

3. Dry ice in methanol cooling 

bath 

4. Stirred electrolyte solution 

(30% nitric acid in 

methanol) 

5. Mercury thermometer 

6. Pure aluminium cathode 

7. Connection for sample 

Figure 4.13:  Electropolishing setup. 

Prior to electropolishing, the mechanically polished sample was masked using 

masking tape so that only an area ~5mm
2
 was exposed (see Figure 4.14). 

 

Sample 
Gripping 

Area 

Exposed 
Area 

(~5mm2) 

Masked 
Area 

 

Figure 4.14:  Masked electropolishing sample. 

The masked sample was connected to the anode of the power supply, which had been set 

to keep a constant voltage of 9 volts, with an alligator clip within the gripping area.  The 

1 

5 

2 

7 

3 

4 

6 
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masked and exposed areas of the sample were submerged in the agitated electrolyte, and 

additional agitation was provided by gently shaking the specimen.  Neither the alligator 

clip, nor the gripping area touched the solution in order to keep the current flow 

concentrated in the masked area.  The sample was electropolished for 45 seconds, then 

immediately rinsed in methanol.  The mask was then removed cautiously so that the 

exposed area was not touched. 

4.4.3 Chemical Etching Procedure 

Many potential etchants were tried; however, the etchant that gave the best results 

was 5mL HF in 100mL of H2O.  The etchant was applied by swabbing the sample with 

cotton balls for approximately 1.5 minutes.  

4.5 Cavitation Measurement 

Cavitation measurement was conducted using an Olympus BH60 optical 

microscope equipped with an ImagePro Plus 5.1 image analysis software.  These 

measurements were conducted on the cross-section of the failed tensile specimens.  

Samples were mounted and polished, and a high resolution image of the entire sample 

was taken.  The image analysis software was then used to determine the area fraction of 

voids present by measuring the area fraction of black areas (voids) in the image.  These 

measurements were taken at intervals of 50-200μm.  Cavitation measurements were 

conducted by Dr. Sooky Winkler. 

4.6 Precipitate Examination 

Samples were statically aged for 15 minutes and 2 hours at elevated temperatures 

prior to precipitate examination, however, it should be noted that only images from 2 

hours are reported in this document.  2 hours was chosen to represent each material as the 

longer ageing time leads to coarser, more visible precipitates, allowing better 

differentiation between the conditions.  The precipitate structure was examined using a 

Jeol JSM-6460 Scanning Electron Microscope (SEM).  Electropolished samples were 

viewed under secondary electron (SE) mode at an acceleration voltage of 20kV and a 

working distance of 10mm.  It should be noted that as a side effect of the electropolishing 

procedure, the precipitates grew larger than they were before electropolishing, and Mg 
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was largely eliminated [124].  Particle chemical composition was identified using EDS 

analysis. 

4.7 Grain Size Examination 

Samples for grain size examination were prepared for examination using the 

above described polishing and chemical etching procedures.  Samples were then 

examined using an Olympus BH2-UMA optical microscope equipped with an ImagePro 

Plus 4.5 image analysis software.  Images were taken at a magnification that showed an 

area of at least 30X30 grains (achieved with 100X magnification).  The grain size was 

measured using the mean linear intercept method in both the rolling (or tensile) and 

transverse directions.  This method employs a grid of lines placed over the image, and the 

grain size is found by dividing the length of the lines by the number of grain boundaries 

that the line crosses.  At least 6 measurements were taken and averaged for each sample. 

 

Additional grain size measurements were conducted using a FEG-SEM fit with an EBSD 

detector at the Novelis Global Technology Center, set at a 7.5° boundary level cutoff and 

a step size of 2μm.  Tests were conducted by Dr. Haiou Jin.  Samples were 

electropolished using a procedure similar to that described in 4.4.2. 

4.8 Fracture Surface Examination 

The fracture surfaces were examined using the SEM.  Failed tensile specimens 

were cut and placed within the SEM so that the fracture surfaces were facing upwards.  

The samples were viewed under SE mode at 20kV and a working distance of 15mm to 

allow a large depth of field.  Fracture surfaces were examined primarily on the Jeol JSM-

6460 SEM, as well as some high resolution images taken by Dr. Sooky Winkler on the 

LEO 1530 FESEM. 
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Chapter 5 Experimental Results 

5.1 Introduction 

 The results of the experiments described in Chapter 4 are described in this 

chapter.  This section is split between describing the original materials‘ characteristics 

and their characteristics after exposure to elevated temperatures.  Emphasis is placed on 

describing the elevated temperature properties. 

5.2 Basic Characteristics 

In this section, the basic or baseline characteristics of the FG and T4P materials 

are examined for comparison with the high temperatures properties.   

5.2.1 Microstructural Characteristics of As-Received Materials 

5.2.1.1 T4P Material 

An optical micrograph of the initial grain structure of the T4P material is shown 

in Figure 5.1.  The grains are not initially elongated in either the rolling or transverse 

directions and have an average grain diameter of ~45μm viewed in the rolling plane. The 

large black spots on the image are a result of the etchant reacting with large particles in 

the material. 

 

Figure 5.1:  Optical micrograph of the T4P sheet revealing the as-received grain structure in the 

rolling plane. 
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An SEM micrograph of the as-received and electropolished T4P is shown in 

Figure 5.2.  The microstructure consists of an array of small particles throughout the 

material, and a small number of large particles, which have been circled for clarity.  The 

black circles around the particles are an artefact left by the electropolishing process.  The 

smaller particles are generally round or oval in shape.  Figure 5.3 shows an SEM image 

where the small particles were examined by EDS.  The scan showed that these particles 

are primarily aluminium and silicon rich.  Spectrum 4 in Figure 5.4 did not detect the 

particle.  EDS analysis reveals that the large particles are iron containing particles.  The 

large particles are arranged randomly throughout the sample, while the small particles 

show a small preference for grain boundaries. 

 

 

Figure 5.2:  SEM micrograph of the T4P as-received particle structure (SE mode).  Large particles 

are circled for clarity. 
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Spectrum 
Average Composition (weight %) 

Si O Al 

1 7.4 17.7 Bal 

2 6.7 14.0 Bal 

3 7.1 15.7 Bal 

4 0 0 Bal 

Figure 5.3:  EDS analysed image of T4P material examining small particles found in the as-received 

condition and measured composition of particles (SE mode). 
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Spectrum 
Average Composition (weight %) 

Si Fe Mn Al 

1 6.9 14.4 3.3 Bal 

2 6.7 19.2 4.4 Bal 

3 6.2 24.4 4.3 Bal 

4 2.7 8.0 2.4 Bal 

5 6.7 17.0 3.8 Bal 

6 2.0 1.7 1.2 Bal 

Figure 5.4:  EDS analysed image of T4P material (as seen in backscatter mode) and measured 

composition of large particles. 

 

5.2.1.2 FG Material 

An optical micrograph of the as-received FG sheet is not produced due to 

difficulties in achieving an appropriate etch to reveal the grain boundaries of the FG 

material. An EBSD image of the initial grain structure is shown in Figure 5.5.  Again, the 

grains are equiaxed, however the average grain diameter is approximately ¼ the average 

grain size of the T4P material (i.e. ~11μm in the rolling plane). 
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Figure 5.5:  EBSD orientation map of the FG material (image by Haiou Jin). 

 

The SEM micrograph of the precipitation structure of the as-received FG material 

is shown in Figure 5.6.  As expected, this material contains the same large iron containing 

particles as the T4P material, as shown circled in white.  There are also a large quantity 

of smaller, round particles.  The dispersion of particles is also much more even compared 

to the T4P material; there does not appear to be a preference for grain boundary 

precipitation. 
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Figure 5.6:  SEM micrograph of the FG material as-received precipitate structure.  Large particles 

are circled for clarity (SE mode). 

5.2.2 Mechanical Behaviour at Room Temperature 

5.2.2.1 Stress-Strain Behaviour 

5.2.2.1.1 T4P Material 

Figure 5.7 shows the stress-strain curves for the T4P material at the lowest and 

highest strain-rates.  As can be seen, there is very little variation in the total elongation, 

yield stress, or UTS, even with large changes in the strain-rate.  There is a minor increase 

in the yield and flow stress with increasing strain-rate.  The small fluctuations seen in the 

low strain-rate curve are attributed to feedback created by the hydraulic pumps and 

crosshead position control system.  The combined results of the tensile tests are shown in 

Table 5.1.  The elongation to failure did not show any trend relating to strain-rate, and 

fluctuations of this value were attributed to errors caused by sample variability. 
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Figure 5.7:  Stress-strain curves of T4P sheet tensile tested at room temperature at 5.0x10
-4

s
-1 

and 

6.7x10
-1

s
-1

. 

Table 5.1:  Room temperature tensile properties of the T4P material. 

Strain-Rate 

(s-1) 

Elongation 

to Failure 

(%) 

Yield Stress 

(MPa) 

Ultimate Tensile 

Stress 

(MPa) 

5.0x10-4 32.7 140.3 268.9 

2.0x10-3 30.6 147.6 267.8 

2.0x10-2 30.1 148.9 269.9 

6.7x10-2 29.2 151.72 268.4 

6.7x10-1 30.2 154.7 272.0 
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5.2.2.1.2 FG Material 

Figure 5.8 shows typical stress-strain curves for the FG material at the lowest and 

highest strain-rates.  Fluctuations in the stress are seen in the low strain-rate curve, and 

are attributed to the same mechanism as the T4P material (i.e. hydraulic pump feedback). 

The tensile properties are summarized in Table 5.2.  The FG material again shows that 

there is little change in the material characteristics at room temperature with changes in 

strain-rate.  The values are, however, quite different than the T4P material.  The average 

elongation to failure increases by approximately 10%, and the yield stress and UTS are 

significantly reduced.  As with the T4P material, the flow stress increases slightly with 

the higher strain-rates. 
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Figure 5.8:  Stress-strain curves of FG sheet tensile tested at room temperature at 5.0x10
-4

s
-1 

and 

6.7x10
-1

s
-1

. 
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Table 5.2:  Room temperature tensile properties of the FG material. 

Strain-Rate 

(s-1) 

Elongation 

to Failure 

(%) 

Yield Stress 

(MPa) 

Ultimate Tensile 

Stress 

(MPa) 

5.0x10-4 38.7 41.5 112.6 

2.0x10-3 40.9 39.6 110.9 

2.0x10-2 39.9 41.9 112.1 

6.7x10-2 41.4 39.6 110.2 

6.7x10-1 42.9 42.7 113.5 

 

5.2.2.2 Damage and Fracture Behaviour 

5.2.2.2.1 T4P Material 

In the through-thickness view of a T4P sample tested to failure at 2.0x10
-3

s
-1

, 

Figure 5.9, the fracture surface is inclined at ~45°.  There is minimal necking seen in the 

sample, even up to the fracture surface.  There is a very small amount of void formation 

seen close to the fracture surface of the sample.  As can be seen in the enlarged area of 

Figure 5.9, the voids (black areas) seem to initiate from fractured large particles (grey 

areas) and particle decohesion as indicated by the arrows.  Figure 5.10 shows the fracture 

surface of a T4P sample tested to failure at 2.0x10
-3

s
-1

.  The fracture surface is dimpled 

and also shows evidence of shear.  Some areas show heavy dimpling, with the dimples 

spaced closely together, while others areas have few dimples, and the dimples are widely 

spaced. 
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Figure 5.9:  Through-thickness view of T4P sheet tensile tested at room temperature at 2.0x10
-3

s
-1

 a) 

overall image and b) insert view (images by Sooky Winkler). 

 

a) 

b) 

Thickness 
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Figure 5.10:  Fracture surface of T4P sheet tensile tested at room temperature at 2.0x10
-3

s
-1

(SE 

mode). 

 

 

Shear Direction 

Void 
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5.2.2.2.2 FG Material 

Figure 5.11 and Figure 5.12 show the through-thickness view and fracture surface 

of the fracture area, respectively, of a FG sample tested at 2.0x10
-3

s
-1

.  The through-

thickness view shows that there is minimal void formation in the material.  If the sample 

is examined closely, the beginnings of voids can be seen, as indicated by the arrows. As 

with the T4P material, the initiation appears to be caused by the fracture of large particles 

as well as decohesion.  From the fracture surface, it can be seen that the sample has 

thinned to smaller area prior to fracture than the T4P material.  Additionally, using the 

same magnification as in the case of the T4P material, the dimples appear closely spaced 

over the entire fracture surface.  

 

Figure 5.11:  Through-thickness view of FG sheet tensile tested at room temperature at 5.0x10
-4

s
-1

 a) 

overall image and b) insert view (images by Sooky Winkler). 

a) 

b) 
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Figure 5.12:  Fracture surface of FG sheet tensile tested at room temperature at 2.0x10
-3

s
-1

(SE mode). 
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5.3 High Temperature Behaviour 

In this section, the high temperature behaviour of the material is examined.  First, 

the effect of high temperature on the microstructure is examined under static conditions.  

This is to determine the effect of temperature alone on the evolution of the 

microstructure, so that it may be taken into consideration when examining the properties 

under high temperature deformation.  Finally, full investigations of the tensile properties, 

as well as the microstructural evolution during high temperature deformation are studied 

using tensile tests, stress relaxation tests and failure mechanism examination. 

5.3.1 Static Microstructural Evolution 

5.3.1.1 Average Grain Size 

5.3.1.1.1 T4P Material 

The average grain size of the statically-aged samples are summarized in Table 

5.3.  These results show no significant change in the grain diameter of the material due to 

exposure to high temperature. 

Table 5.3:  T4P average grain diameter after statically heating for 15 minutes. 

Ageing 

Temperature 

(°C) 

Grain Diameter (μm) 

 

Initial = 45.45μm 

350 46.19 

400 46.75 

450 47.14 

500 44.40 

550 43.44 

 

5.3.1.1.2 FG Material 

The results of the EBSD measurements on a similarly processed FG samples aged 

at T≥400°C are shown in Figure 5.13. 
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Figure 5.13:  Grain size evolution of FG sheet after isothermal heating at various temperatures, 

measured using EBSD on planar surface cross-sections (measurements by Haiou Jin). 

These results indicate that the grain sizes are stable during aging for one hour at 

400°C.  The grain size slightly increases during the first 5 minutes of ageing at 450°C and 

then remains stable up to 60 minutes.  The increase in average grain size becomes more 

significant by increasing the temperature to 500°C and 550°C.  At these temperatures, the 

grain size appears to grow rapidly in the first ~10 minutes, beyond which the grains grow 

at a much slower rate.  The grain diameter reaches ~14μm and ~18μm when heat 

treatments at 500°C and 550°C, respectively, continue for 1 hour. 

 

5.3.1.2 Precipitation state 

5.3.1.2.1 T4P Material 

Figure 5.14 shows the precipitate state of the T4P material after statically ageing 

for 2 hours at each temperature.   
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Figure 5.14:  Precipitate structure of T4P sheet after ageing for 2h at (a) 350°C, (b) 400°C, (c) 450°C, 

(d) 500°C (SE mode). 

After ageing for 2h at 350°C, large, blocky and elongated precipitates grow on the 

grain boundaries, which were not seen in the as-received material (Figure 5.2). The 

interior of the grains can be seen to contain smaller, more homogeneously distributed thin 

elongated precipitates (see Figure 5.15).  The precipitates at grain boundaries and in grain 

interiors grow preferentially in certain directions (see Figure 5.16), however this 

relationship is not as clearly seen at lower temperatures, as the grain boundary precipiates 

appear more oblong shape.  The EDS spectrums in Figure 5.15 show that the large blocky 

particles within the grains contain silicon and oxygen, while the large particles on the 

grain boundaries contain silicon, copper and oxygen.  The oxygen content is due to the 

electropolishing procedure, and the removal of the magnesium.  Areas immediately 

around the grain boundaries and grain boundary precipitates have fewer of the smaller 

precipitates (see Figure 5.15).  As the ageing temperature increases to 400°C, the 

precipitates become coarser, especially the ones on the grain boundaries.  The precipitates 

in the grain interiors also become larger and coarser, and the spacing between them 

increases.  At 450°C, the elongated precipitates are not as prominent on the grain 

boundaries and in the grain interiors.  At the same time, blocky and round shaped 

precipitates begin to dominate the microstructure.  These new precipitates do not appear 

to preferentially grow on grain boundaries.  At 500°C the grain boundary precipitates 

have significantly reduced, however, the blocky, and round precipitates in the material 

seem to have grown in size and number.  

 

(d) 



81 

 

Average Composition 

(weight %) 
Si Cu O Al 

Spectrum 1 (Blocky 

Particle) 
3.19 0 9.99 Bal 

Spectrum 2 (Particle on 

grain boundary) 
2.71 7.19 7.03 Bal 

Spectrum 3 0 0 0 100% 

 

Figure 5.15:  EDS analysed image of the T4P material precipitation state after ageing for 2 hours at 

350°C (SE mode). 

A high magnification of a T4P sample that had been aged for 2 hours at 450°C is 

shown in Figure 5.16.  This figure highlights the various phases present in the material.  

The large particle could be a particle located below the surface of the sample or an 

artefact left by the electropolishing procedure. 
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Figure 5.16:  High magnification view of the T4P material after isothermal heating at 450°C for 2 

hours. 

 

5.3.1.2.2 FG Material 

Figure 5.17 shows the precipitate structure of the FG material after ageing for 2 

hours at each temperature. 
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Figure 5.17:  Precipitate structure of FG after ageing for 2h at (a) 350°C, (b) 400°C, (c) 450°C, (d) 

500°C (SE mode). 

At 350°C, the structure is very similar to the as-received material, i.e. a random 

distribution of round shaped precipitates.  When the temperature is increased to 400°C, 

there is a sudden drop in the volume fraction of precipitates in the material.  As the 

temperature is increased to 450°C, the precipitate population increases.  Finally, at 

(b) 

(c) 

(d) 
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500°C, the precipitate structure coarsens, leaving a distribution of larger precipitates.  

The fine white lines seen in the 500°C sample (highlighted by the arrow) may be 

chemically reacted β precipitates as reported by Wang et al. [120] in overaged AA6111 

or other artefacts produced by the electropolishing process, and not part of the 

microstructure.  A high magnification of a FG sample that had been aged for 2 hours at 

450°C is shown in Figure 5.18.  This figure highlights the various phases present in the 

material. 

 

Figure 5.18:  High magnification view of the FG material after isothermal heating at 450°C for 2 

hours. 

5.3.2 Mechanical Behaviour 

Selected stress-strain curves are shown to highlight how these curves change with 

temperature and strain-rate.  The stress-strain curves shown are typical of the other 

repetitions.  The conditions selected to highlight are:  350°C-all strain-rates, 450°C-all 

strain-rates, 550°C-all strain-rates, 5.0x10
-4

s
-1

-all temperatures, 2.0x10
-2

s
-1

-all 

temperatures and 6.7x10
-1

s
-1

-all temperatures.  Tensile test data from every test can be 

found in tabular form in the Appendix. 

 

Blocky 

Particle 

Round 

Particles 
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5.3.2.1 T4P Material 

5.3.2.1.1 Strain-Rate Dependence 

The stress-strain curves of samples tested at 350°C are summarized in Figure 

5.19.  This graph shows that the shape of the curves are very similar; a peak is reached 

followed by a steady decrease in flow stress in each case.  The figure shows a steady 

increase in the peak stress of the sample by increasing the strain-rate.  In each case, the 

peak stress is seen in less than 10% strain (a trend seen in all of the elevated temperature 

tests), and this strain decreases with increasing strain-rate. 
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Figure 5.19:  Stress-strain curves of T4P sheet tensile tested at 350°C. 
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Figure 5.20: Stress-strain curves of T4P sheet tensile tested at 450°C. 

At higher temperatures, as seen in Figure 5.20, increasing strain-rates show larger 

increases in the peak stress than is seen at 350°C .  At even higher temperatures, such as 

those seen in Figure 5.21, the rate of decrease of the flow stress changes with varying 

strain-rates.  At the lowest strain-rates, the drop in flow stress with increasing strain is not 

as pronounced as the higher strain-rates.  This is particularly prevalent at 550°C and 

5.0x10
-4

s
-1 

beyond 100% strain where the flow stress does not decrease significantly until 

failure. 
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Figure 5.21:  Stress-strain curves of T4P sheet tensile tested at 550°C. 

5.3.2.1.2 Temperature Dependence 

Figure 5.22, Figure 5.23 and Figure 5.24 show the variation of the stress-strain 

curves with temperature at strain-rates of 5.0x10
-4

s
-1

, 2.0x10
-2

s
-1

 and 6.7x10
-1

s
-1

, 

respectively.  These curves highlight how the rate of decrease of flow stress of the stress-

strain curves change with varying temperature.  At the lower temperatures, a high peak 

stress is reached, followed by a significant decrease in the stress, and then failure.  At 

high temperatures, the peak stress is much lower, and the flow stress does not decrease as 

appreciably.  Of interest to note is the relative values of the peak stress at the lower 

temperatures to those at the higher temperatures.  At the lowest strain-rate, 5.0x10
-4

s
-1

, 

the difference in peak stress between 350°C and 400°C is similar to the difference in peak 

stress between 400°C and 450°C.  As the strain-rate is increased however, the peak stress 

decrease between 350°C and 400°C becomes much smaller than the decrease between 

400°C and 450°C.  The relative peak stress differences between the higher temperatures 

remains similar across all strain-rates.  These graphs show that in each case, the strain to 

peak stress decreases with increasing temperature. 
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Figure 5.22:  Stress-strain curves of T4P sheet tensile tested at 5.0x10
-4

s
-1
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Figure 5.23:  Stress-strain curves of T4P sheet tensile tested at 2.0x10
-2

s
-1

. 
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Figure 5.24:  Stress-strain curves of T4P sheet tensile tested at 6.7x10
-1

s
-1

. 

5.3.2.1.3 Stress relaxation 

The measured load vs. time plots for the T4P material at each temperature are 

shown in Figure 5.25.  Shown in this plot are the first 10 seconds of data after beginning 

relaxation.  Beyond this point, the load does not significantly decrease with increasing 

time.  In each test, the load decreases rapidly after relaxation begins.  The decrease in 

load between the lower temperature plots, e.g. 350°C to 400°C. is much larger than the 

difference between the high temperature plots, eg 500°C to 550°C, a trend similar to that 

seen in the stress-strain data. 
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Figure 5.25:  Load vs. Time plots for the T4P material at various temperatures. 

5.3.2.1.4 Elongation to Failure and Peak Flow 
Stress 

The elongation to failure of the T4P material in each condition is summarized in 

Figure 5.26.  The results show that at lower temperatures, 350°C and 400°C, the strain-

rate has little effect on the elongation to failure.  Samples fail at approximately 35% and 

50%, respectively, regardless of the strain-rate.  At 450°C however, material begins to be 

affected by the strain-rate.  At this temperature, the lowest strain-rate achieves an 

elongation of ~100%, while at the highest strain-rate, the elongation is ~125%.  At the 

two highest temperatures, the strain-rate has an even more pronounced effect.  An 

increase of almost 100% total elongation to failure going from the lowest to the highest 

strain-rate was found.  The maximum average elongation to failure was seen at 550°C at 

a strain-rate of 6.7x10
-1

s
-1

 with ~225%. 
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Figure 5.26:  Elongation to failure of T4P sheet tensile tested at elevated temperatures. 

Figure 5.27 summarizes the peak flow stress vs. strain-rate for various 

temperatures and shows that as the strain-rate increases, so does the peak stress.  The 

slope of the plots for the three highest temperatures are very similar, and the peak stresses 

are very close to each other, with the lowest peak stress, 5.4MPa, seen at the highest 

temperature (550°C) and the lowest strain-rate, 5.0x10
-4

s
-1

.  At the two lowest 

temperatures, the earlier reported trend of a large difference in peak stress at the lowest 

strain-rate, and a smaller difference in peak flow stress at higher strain-rates is clearly 

illustrated.  The highest peak flow stress was 95.6MPa, found at 350°C and 6.7x10
-1

s
-1

. 
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Figure 5.27:  Peak flow stress of T4P sheet tensile tested at elevated temperatures. 

5.3.2.2 FG Material 

5.3.2.2.1 Strain-Rate Dependence 

The stress-strain behaviour of the FG material at 350°C, 450°C and 550°C and 

various strain-rates are shown in Figure 5.28, Figure 5.29 and Figure 5.30, respectively.  

At each temperature, it can be seen that increasing the strain-rate leads to an increase in 

the flow stress.  The flow stress in each case reaches a peak value early (less than 20% 

strain), and then steadily decreases until failure, however at the higher strain-rates, the 

decrease in flow stress is more rapid, as indicated by the slope of the stress-strain curve.  

At each temperature, the strain required to reach the peak stress increases with increasing 

strain-rates, however this effect is most pronounced at the highest temperature. 
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Figure 5.28:  Stress-strain curves for FG sheet tensile tested at 350°C. 
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Figure 5.29:  Stress-strain curves for FG sheet tensile tested at 450°C. 
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Figure 5.30:  Stress-strain curves for FG sheet tensile tested at 550°C. 

5.3.2.2.2 Temperature Dependence 

Figure 5.31, Figure 5.32 and Figure 5.33 show the effect of temperature on the 

stress-strain curves at a constant strain-rate.  At the lowest strain-rate, 5.0x10
-4

s
-1

, the 

difference in peak stress is greatest at the lower temperatures, while at higher strain-rates, 

the difference in peak stress at each temperature jump is very similar.  At the lowest 

strain-rate, and highest temperature, 550°C, the slope of the stress-strain changes after 

approximately 100% elongation; the flow stress decreases at a much lower rate, and 

continues in this manner until failure.  The curves shows that the strain required to reach 

the peak stress decreases with increasing temperature.  The small fluctuation seen at the 

start of the 500°C curve in Figure 5.32 is likely due to a small slip of the sample in the 

grip, causing the error in the measured value of the stress seen. 
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Figure 5.31:  Stress-strain curves for FG sheet tensile tested at 5.0x10
-4

s
-1
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Figure 5.32:  Stress-strain curves for FG sheet tensile tested at 2.0x10
-2

s
-1

. 
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Figure 5.33:  Stress-strain curves for FG sheet tensile tested at 6.7x10
-1

s
-1

. 

5.3.2.2.3 Stress relaxation 

The load vs. time plots for the FG material are shown in Figure 5.34.  There is a 

slight trend toward a larger difference between the load curves at lower temperatures (e.g. 

350°C and 400°C) than at higher temperatures (e.g. 500°C and 550°C).  In each instance, 

there is a rapid decrease in load within the first two seconds of relaxation.  This is 

followed by a slower decrease in load, and eventually a point is reached where the load 

does not decrease appreciably.  The plateau is reached by approximately 5 seconds in the 

test conducted at 550°C, while the plateau for the test conducted at 350°C is only reached 

beyond 15 seconds.  The load relaxation tests mirror the results of the tensile tests well; 

there is a slight trend towards a larger difference in the load values at low temperatures 

than there are at high temperatures.  The minor compressive load seen at high 

temperatures is likely caused by a minor expansion in machine components caused by 

exposure to the elevated temperatures. 
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Figure 5.34:  Load vs. Time curves for FG material at various temperatures. 

5.3.2.2.4 Elongation to Failure and Peak Flow 
Stress 

Figure 5.35 summarizes the total percent elongation to failure of the FG material 

at each temperature and strain-rate.  At 350°C and 400°C, increased strain-rate does not 

lead to an appreciable change in the total elongation. The elongations seen at these 

temperatures are ~125%.  At the 3 highest temperatures the FG material trends towards 

increasing elongation with increasing strain-rate, however, beyond a strain-rate of  

2.0x10
-2

s
-1

, the elongation to failure does not further increase.  The maximum average 

elongation to failure seen in this material is ~220% at 550°C and a strain-rate of  

2.0x10
-2

s
-1

.   
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Figure 5.35:  Elongation to failure of FG sheet tensile tested at elevated temperatures. 

The peak flow stresses as a function of strain-rate for the tensile tested FG 

material are summarized in Figure 5.36.  Here, the slopes of the peak stress vs. strain-rate 

curves at each temperature are almost identical, and there are no large increases in stress 

with decreasing temperature such as those seen in the T4P material.  The highest peak 

flow stress, 41.1MPa, was seen at 350°C and a strain-rate of 6.7x10
-1

s
-1

.  The lowest peak 

flow stress was seen at 550°C, and a strain-rate of 5.0x10
-4

s
-1

. 
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Figure 5.36:  Peak flow stress of FG sheet tensile tested at elevated temperatures. 

5.3.2.3 Material Comparison 

The most pronounced differences in mechanical behaviour between the T4P and 

FG materials occur at the lower temperatures, 350°C, 400°C, and to a lesser degree at 

450°C.  At these temperatures, the elongation to failure of the T4P material is low, 

reaching only about 35% elongation at 350°C, while under the same conditions, the FG 

material achieves an elongation of approximately 120%. At 400°C, the elongations to 

failure for the T4P and FG materials were about 50% and 130%, respectively (T4P: 

110% and FG:170% at 450°C). These differences can be seen in Figure 5.37.  The 

differences in maximum elongation decrease with increasing temperature, and both 

materials achieve similar elongations at 500°C and strain-rates ≥6.7x10
-2

s
-1

.  The FG 

material shows higher elongations at all strain-rates at 550°C except at the highest strain-

rate.  The comparison of the elongation to failure at 500°C and 550°C is shown in Figure 

5.38. 
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Figure 5.37:  Comparison of the elongations to failure of the T4P and FG materials at lower 

temperatures 

100

120

140

160

180

200

220

240

0.0001 0.001 0.01 0.1 1

T4P (500°C)

T4P (550°C)

FG (500°C)

FG (550°C)

E
lo

n
g

a
tio

n
 t
o

 F
a

ilu
re

 (
%

)

Strain Rate (s
-1

)  

Figure 5.38:  Comparison of the elongations to failure of the T4P and FG materials at higher 

temperatures 
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Similarly, the peak stress values in the T4P material are quite different at low 

temperatures, but less so at the higher temperatures.  The T4P material exhibits much 

larger peak stress values than the FG material at low temperatures, 95.6MPa and 

41.1MPa for the T4P and FG materials at 350°C and the highest strain-rate, respectively.  

Additionally, the peak stress of the T4P material at low temperatures shows a much 

larger dependence on strain-rate than the FG material.  The peak flow stresses of the two 

materials are compared in Figure 5.39 and Figure 5.40.  Finally, the strain required to 

reach the peak stress is less in the T4P material, particularly at the low temperatures. 
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Figure 5.39:  Comparison of the peak flow stresses of the T4P and FG materials at 350°C through 

450°C. 
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Figure 5.40:  Comparison of the peak flow stresses of the T4P and FG materials at 500°C and 550°C. 

5.3.2.4 Data Analysis 

In this section, the data gathered from the stress-strain and load relaxation tests is 

used to determine material parameters such as strain-rate sensitivity and activation energy 

for deformation. 

5.3.2.4.1 T4P Material 

Figure 5.41 shows the initial strain-rate vs. UTS normalized with the elastic 

modulus plots for the T4P material.  Using this plot, the average strain-rate sensitivity, 

and the stress exponent, at each temperature and the activation energies for deformation 

for each temperature interval were calculated.  The methods and equations utilized are 

described in Chapter 4.  These values can be found in Table 5.4 and 
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Table 5.5, respectively. 
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Figure 5.41:  Strain-rate vs. modulus normalized stress for T4P material. 

Table 5.4:  Strain-rate sensitivity and stress exponent for T4P at each temperature. 

Temperature (°C) Strain-Rate Sensitivity, m Stress Exponent, N 

350 0.06 16.47 

400 0.14 7.17 

450 0.13 7.95 

500 0.16 6.23 

550 0.19 5.22 
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Table 5.5:  Activation energy for deformation at each temperature for the T4P material. 

Temperature Interval (°C) Average Activation Energy, 

Q (kJ/mol) 

350-400 343.2 

400-450 512.6 

450-500 287.9 

500-550 134.0 

 

The highest strain-rate sensitivity, 0.19, is found at a temperature of 550°C, while 

the lowest, 0.06, is found at 350°C.  The activation energy was found to be the lowest, 

134kJ/mol, in the temperature interval of 500-550°C, and the greatest, 512.6kJ/mol, 

between 400°C and 450°C following the procedure described in Section 4.3.3 of Chapter 

4.   Normalizing the strain-rate using the self-diffusion coefficient, the variation in 

temperature can be accounted for.  This data is plotted in Figure 5.42. 
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Figure 5.42:  Self diffusion normalized strain-rate vs. modulus normalized stress for T4P material. 
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The data from the load relaxation tests was transformed into stress vs. inelastic 

strain-rate data according to the method described in Section 4.3.5 of Chapter 4, and 

plotted in Figure 5.43.  Additionally, the data was fit using the internal variable equation 

for GMD (Equation 2.9).  The constitutive parameters for these curve-fits and the 

accuracy of each fit (R
2
) are listed in Table 5.6.  No fit could be found for the grain 

boundary sliding (GBS) equation (Equation 2.10).  The accuracy of the grain-matrix 

deformation (GMD) curve-fit to the data is very good for 350°C, 400°C and 450°C.  At 

higher temperatures, the accuracy rapidly decreases.  The stress parameter is the highest 

at 350°C, while the strain-rate parameter is the lowest.  The strain-rate increases with 

increasing temperature. 
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Figure 5.43:  Flow stress vs. inelastic strain-rate curves for T4P sheet at each temperature.  GMD 

calculated flow curves are also shown. 
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Table 5.6:  Constitutive parameters for GMD calculated (Equation 2.9) from the flow curves for the 

T4P material. 

Temperature (°C) logσ* logέ* p* R2 

350 2.065 -3.911 0.15 0.9772 

400 1.828 -3.634 0.15 0.9685 

450 1.613 -2.415 0.15 0.9769 

500 1.703 0.054 0.15 0.9293 

550 1.683 0.641 0.15 0.728 

 

5.3.2.4.2 FG Material 

The initial strain-rate vs. UTS normalized by the elastic modulus plots for the FG 

material are shown in Figure 5.44.  The calculated strain-rate sensitivities and activation 

energies are presented in Table 5.7 and Table 5.8, respectively. 
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Figure 5.44:   Strain-rate vs. modulus normalized stress for FG material. 
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Table 5.7:  Strain-rate sensitivity and stress exponent for FG at each temperature. 

Temperature (°C) Strain-rate Sensitivity, m Stress Exponent, N 

350 0.11 9.10 

400 0.13 7.79 

450 0.15 6.88 

500 0.18 5.56 

550 0.19 5.31 

 

Table 5.8:  Activation energy for deformation at each temperature for the FG material. 

Temperature Interval (°C) Average Activation Energy, 

Q (kJ/mol) 

350-400 93.5 

400-450 126.2 

450-500 132.0 

500-550 134.2 

 

The highest strain-rate sensitivity, 0.19, is found at a temperature of 550°C, while 

the lowest, 0.11, is found at 350°C.  The activation energy was found to be the lowest, 

93.5kJ/mol, in the temperature interval of 350-400°C, and the greatest, 134.2kJ/mol, 

between 500°C and 550°C.  Note that the maximum activation energy is found at the 

highest temperature, rather than the low temperatures, as in the T4P material.  The self-

diffusion compensated strain-rate vs. elastic modulus compensated stress plot for the FG 

material is shown in Figure 5.45. 
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Figure 5.45:  Self diffusion normalized strain-rate vs. modulus normalized stress for FG material. 

The stress vs. inelastic strain-rate plots for the FG material are shown in Figure 

5.46, along with the GMD curve fits.  The constitutive parameters for GMD and the 

accuracies of the fits to experimental data is tabulated in Table 5.9.  No fit could be found 

for the GBS equation.  As with the T4P material, the GMD curve-fit is quite accurate at 

350°C, 400°C and 450°C, and the accuracy rapidly decreases at 500°C and 550°C.  The 

stress parameter of the FG material remains close to a value of 1.8 at all temperatures, 

and the strain-rate parameter tends to increase within increasing temperatures, just as the 

T4P material did. 
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Figure 5.46:  Flow stress vs. inelastic strain-rate curves for FG at each temperature.  GMD calculated 

flow curves are also shown. 
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Table 5.9:  Constitutive parameters for GMD calculated (Equation 2.9) from the flow curves for the 

FG material. 

Temperature (°C) logσ* logέ* p* R2 

350 1.802 -1.636 0.15 0.9772 

400 1.829 -0.867 0.15 0.9685 

450 1.858 -0.1927 0.15 0.9769 

500 1.819 0.213 0.15 0.9293 

550 1.747 0.833 0.15 0.728 

 

5.3.3 Grain Size after Tensile Testing at Temperature 

This section illustrates the effect that high temperature deformation has upon the 

grain structure.  First, the grain size and morphology is shown after tensile testing at 

various temperatures, followed by the effect of strain-rate upon the recrystallized grains 

found at 500°C and 550°C.  In all images shown, the tensile direction, and the original 

rolling direction are in the horizontal direction. 

5.3.3.1 T4P Material 

Figure 5.47 and Figure 5.48 show the deformed grain structure of the T4P 

material after testing at 350°C and 400°C, respectively, and at the strain-rate of  

6.7x10
-1

s
-1

.  The grain structure can be seen to be largely unchanged from the initial 

microstructure, except for a slight elongation of the grains in the tensile direction.  The 

poor etch, and as a result, poorly defined grains is likely a result of the deformation 

structure within the material. 
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Figure 5.47:  Grain structure of T4P sheet after tensile testing at 350°C and the strain-rate of 

6.7x10
-1

s
-1

. 

 

Figure 5.48:  Grain structure of T4P sheet after tensile testing at 400°C and the strain-rate of  

6.7x10
-1

s
-1

. 
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At 450°C and a strain-rate of 6.7x10
-1

s
-1

, where a significant jump in the 

elongation to failure is seen, the observed grain structure is very different.  The grains are 

significantly thinned and elongated in the tensile direction, as seen in Figure 5.49.  The 

grain boundaries remain somewhat indistinct at the temperature. 

 

Figure 5.49:  Grain structure of T4P sheet after tensile testing at 450°C and the strain-rate of  

6.7x10
-1

s
-1

. 

Considering again a strain-rate of 6.7x10
-1

s
-1

 and temperatures of 500°C and 

550°C, the grain structure changes significantly as shown by Figure 5.50 and Figure 5.51, 

respectively.  Here, despite undergoing the largest elongations, the observed grains show 

very little elongation in the tensile direction.  The grains at 500°C are slightly smaller 

than those at 550°C, however, the grains are more defined at 550°C.  The grains at both 

of these temperatures are smaller than in the original material. 
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Figure 5.50:  Grain structure of T4P sheet after tensile testing at 500°C and the strain-rate of  

6.7x10
-1

s
-1

. 
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Figure 5.51:  Grain structure of T4P sheet after tensile testing at 550°C and the strain-rate of  

6.7x10
-1

s
-1

. 

5.3.3.2 FG Material 

Optical microscopy images of the microstructure of the FG material after 

deformation at a strain-rate of 6.7x10
-1

s
-1

.and various temperatures are shown in Figure 

5.52 through Figure 5.56.  At temperatures between 350°C and 450°C, the grain 

structures are similar to one another.  The grain structure at these conditions consists of 

small elongated grains, however, at 450°C (Figure 5.54), the boundaries of these grains 

become somewhat serrated, as highlighted by the black arrows. 
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Figure 5.52:  Grain structure of FG sheet after tensile testing at 350°C and the strain-rate of  

6.7x10
-1

s
-1

. 

 

Figure 5.53:  Grain structure of FG sheet after tensile testing at 400°C and the strain-rate of  

6.7x10
-1

s
-1

. 
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Figure 5.54:  Grain structure of FG sheet after tensile testing at 450°C and the strain-rate of  

6.7x10
-1

s
-1

. 

At 500°C, the jaggedness of the grain boundaries is reduced, leaving smoother 

grain boundaries, and the grains appear to be a mix of elongated grains, and smaller, 

equiaxed grains (Figure 5.55). 
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Figure 5.55:  Grain structure of FG sheet after tensile testing at 500°C and the strain-rate of  

6.7x10
-1

s
-1

. 

 

Figure 5.56 shows the grain structure of the FG material after testing at 550°C.  

The grains are equiaxed and show no significant elongation in the tensile direction.  
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Figure 5.56:  Grain structure of FG sheet after tensile testing at 550°C and the strain-rate of  

6.7x10
-1

s
-1

. 

5.3.3.3 Comparison of Average Grain Sizes in Tensile 
Tested FG and T4P Sheets 

At 500°C and 550°C, the grain structure was defined sufficiently to be measured 

in the conventional manner.  Figure 5.57 shows the average grain diameter after tensile 

testing at the indicated strain-rates.  On average, the FG material retains a smaller grain 

size than the T4P material; however the difference is not nearly as large as the difference 

in grain size in the as-received condition.  The grains in both materials are slightly 

elongated in the tensile direction, with an average anisotropy value, of 1.45.  The 

common trend in both materials is a decrease in grain size with increasing strain-rate.  It 

should be noted that the final grain size of the T4P material is lower than the initial size, 

and the opposite is true for the FG material. 



120 

10

15

20

25

30

35

40

45

50

0.0001 0.001 0.01 0.1 1

FG (Initial)

FG (500°C)

FG (550°C)

T4P (Initial)

T4P (500°C)

T4P (550°C)

A
v
e

ra
g

e
 G

ra
in

 D
ia

m
e

te
r 

(µ
m

)

Strain Rate (s
-1

)

 

Figure 5.57:  Average grain diameter of tensile tested samples taken 4mm from the fracture surface. 

 

5.3.3.4 Abnormal Grain Growth 

An interesting feature that was discovered during the examination of the grain 

structure was several cases of abnormal grain growth at the fracture tip of the tensile 

tested sample.  Figure 5.58 and Figure 5.59 show two examples of this phenomenon in 

the T4P and fine-grained materials, respectively.  These very large grains are many times 

larger than the grains in the rest of the material (>300μm in diameter).  The conditions at 

which this phenomenon was observed are listed in Table 5.10.  This was not observed at 

any other conditions. 
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Table 5.10:  Conditions where abnormal grain growth were observed 

Material Strain-rate Temperature 

T4P 6.7x10-1s-1 450°C 

T4P 6.7x10-1s-1 500°C 

FG 6.7x10-1s-1 450°C 

FG 6.7x10-1s-1 500°C 

FG 6.7x10-2s-1 550°C 

FG 6.7x10-1s-1 550°C 

 

 

Figure 5.58:  Abnormal grain growth at fracture tip of T4P sheet tensile tested at 500°C and an 

initial strain-rate of 6.7x10
-1

s
-1

. 
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Figure 5.59:  Abnormal grain growth at fracture tip of FG sheet tensile tested at 500°C and an initial 

strain-rate of 6.7x10
-1

s
-1

. 

5.3.4 Cavitation in Tensile Tested Samples 

In addition to the in-plane grain examination, samples were cut in the through-

thickness plane and examined for cavitation damage.  Only certain conditions were 

examined in this manner.  These conditions were: RT, 350°C, 450°C and 500°C, at 

strain-rates of 5.0x10
-4

s
-1

, 2.0x10
-2

s
-1

 and 6.7x10
-1

s
-1

.  These conditions were examined 

because they represent significant changes in the mechanical behaviour of the material.  

These measurements were conducted by Dr. Sooky Winkler. 

5.3.4.1 T4P Material 

In Figure 5.60, the results of the cavitation damage measurements on the T4P 

material can be seen.  At most of the conditions examined, the area fraction of voids is 

very small (<0.5%), except for at 500°C and a strain-rate of 5.0x10
-4

s
-1

; at this condition, 

there is a significant area fraction of voids (~7%).   
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Figure 5.60:  Average area fraction of voids in the through thickness plane of T4P samples tested at 

elevated temperatures, measured from 0-3mm from the fracture surface (data by Dr. Sooky 

Winkler). 

Figure 5.61 shows the through-thickness view of a sample tested at 350°C and the 

lowest strain-rate.  As can be seen, the material thins rapidly close to the fracture tip, and 

large voids can be seen at the fracture surface.  The insert shows an enlarged view of the 

fracture tip.  Figure 5.62 shows the fracture area of a sample tested at 350°C and the 

highest strain-rate.  Here, it can be seen that the sample thinned down to a point, and the 

point has a slightly jagged edge, suggesting cavity formation.  The cavities at the fracture 

tip are not as large as those seen at the lower strain-rate.  In the insert view, it can be seen 

that one of the voids might have initiated from a large particle, as highlighted by the 

arrow. 
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Figure 5.61:  Through-thickness view of a T4P sample tested at 350°C and 5.0x10
-4

s
-1

 a) overall view 

of fracture area and b) insert view (images by Dr. Sooky Winkler). 

a) 

b) 
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Figure 5.62:  Through-thickness view of a T4P sample tested at 350°C and 6.7x10
-1

s
-1

 a) overall view 

of fracture area and b) insert view (images by Dr. Sooky Winkler). 

a) 

b) 
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Figure 5.63 shows the through-thickness view of a sample tensile tested at 500°C 

and a strain-rate of 5.0x10
-4

s
-1

, which shows a very high area fraction of voids.  As can be 

seen, the material does not thin down to a point, but leaves a jagged edge at the fracture 

tip, suggesting failure by accumulation of voids.  In the insert view, it can be seen that 

these voids appear to initiate by the decohesion of large particles from the matrix.  A 

sample tested at the same temperature, but the highest strain-rate is shown in Figure 5.64.  

Here the fracture area can be seen to be significantly different than the low strain-rate 

counterpart.  The fracture tip thins down to a point, with very little cavitation seen.  In the 

insert view, thin strings of cavities can be seen, and one can be seen to initiate at the tip 

of a particle. 
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Figure 5.63:  Through-thickness view of a T4P sample tested at 500°C and 5.0x10
-4

s
-1

 a) overall view 

of fracture area and b) insert view (images by Dr. Sooky Winkler). 

a) 

b) 
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Figure 5.64:  Through-thickness view of a T4P sample tested at 500°C and 6.7x10
-1

s
-1

 a) overall view 

of fracture area and b) insert view (images by Dr. Sooky Winkler). 

 

 

 

 

a) 

b) 
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5.3.4.2 FG Material 

The average area fraction of voids for the FG material are shown in Figure 5.65.  

This graph shows that under all conditions examined except at 500°C and 5.0x10
-4

s
-1

, the 

area fraction of voids is less than 1%; at this condition, the fraction of voids is greater 

than 3.5%. 
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Figure 5.65:  Average area fraction of voids in the through-thickness plane of FG samples tested at 

elevated temperature, measured from 0-3mm from the fracture surface (data by Dr. Sooky Winkler). 

Figure 5.66 shows the through-thickness view of a FG sample tested at 350°C and 

the lowest strain-rate.  Here, the sample can be seen to thin down to a point with minimal 

cavitation.  The insert view shows a small void at the fracture tip.  At the same 

temperature, and the highest strain-rate (Figure 5.67), the fracture surface is similar, with 

a slightly more jagged fracture tip, suggesting a higher concentration of voids.  The insert 

view shows one large void stringer originating from a large particle. 
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Figure 5.66:  Through-thickness view of a FG sample tested at 350°C and 5.0x10
-4

s
-1

 a) overall view 

of fracture area and b) insert view (images by Dr. Sooky Winkler). 

a) 

b) 
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Figure 5.67:  Through-thickness view of a FG sample tested at 350°C and 6.7x10
-1

s
-1

 a) overall view 

of fracture area and b) insert view (images by Dr. Sooky Winkler). 

a) 

b) 
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The condition with the highest area fraction of voids, 500°C and 5.0x10
-4

s
-1

, is 

shown in Figure 5.68.  The fracture surface of the sample does not thin down to a point, 

and the fracture surface is very jagged.  A number of large voids can be seen throughout 

the sample.  In the insert view, it can be seen that the voids initiate (or terminate) at large 

particles, and these particles appear to have lost cohesion with the matrix.  Contrary to 

the low strain-rate case, at the highest strain-rate at 500°C, seen in Figure 5.69, the area 

fraction of voids is significantly reduced, and the sample thins down to a point.  The 

insert view shows a very small void that has initiated through de-cohesion of a large 

particle. 
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Figure 5.68:  Through-thickness view of a FG sample tested at 500°C and 5.0x10
-4

s
-1

 a) overall view 

of fracture area and b) insert view (images by Dr. Sooky Winkler). 

a) 

b) 
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Figure 5.69:  Through-thickness view of a FG sample tested at 500°C and 6.7x10
-1

s
-1

 a) overall view 

of fracture area and b) insert view (images by Dr. Sooky Winkler). 

 

 

 

 

a) 

b) 
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5.3.5 Fracture Analysis 

The fracture surfaces of select tensile samples are examined in this section.  To 

help highlight the most significant changes in the mechanical behaviour, 3 temperatures, 

350°C, 450°C and 550°C and 3 strain-rates, 5.0x10
-4

s
-1

, 2.0x10
-2

s
-1

 and 6.7x10
-1

s
-1

, are 

shown.  In each figure, an overall image of the fracture surface is shown, followed by a 

higher magnification image taken at the middle, or tip of the fracture area; focus may be 

poor to the areas on either side of the fracture tip.  Magnifications were chosen that best 

show the structure of the surface. 

5.3.5.1 T4P Material 

The fracture surface images of T4P samples tensile tested at 350°C are shown in 

Figure 5.70.  At the lowest strain-rate, the fracture surface exhibits a heavily dimpled 

surface, over a wide area.  With increasing strain-rate, the number of dimples decreases, 

and the area over which dimples are seen also decreases.  On average, the dimples appear 

to be ~10μm in diameter at 5.0x10
-4

s
-1

 and decrease in size with increasing strain-rate. 
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Figure 5.70:  T4P sheet tensile tested at 350°C fracture surface images (SE mode). 

 

At 450°C, Figure 5.71, very few dimples are visible at the fracture surface.  The 

fracture surface itself, comes to a point.  At the very tip of this point, a single line of 

voids can be seen.  This is true for all strain-rates examined at this temperature. 
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Figure 5.71:  T4P sheet tensile tested at 450°C fracture surface images (SE mode). 

 

At 550°C, Figure 5.72, the morphology of the fracture surface at the lowest strain-

rate is very different than any seen at lower temperatures or higher strain-rates.  Here, a 

very jagged fracture surface can be seen with very deep holes.  The fracture surface does 

not thin down to a point at all.  At 2.0x10
-2

s
-1

, the fracture surface becomes similar to 

other conditions examined, thinning down to a point, with a small number of voids along 

the fracture tip.  At 6.7x10
-1

s
-1

, no voids are seen along the fracture tip. 
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Figure 5.72:  T4P sheet tensile tested at 550°C fracture surface images (SE mode). 

 

5.3.5.2 FG Material 

At 350°C, Figure 5.73, the FG material shows a very low level of voids along the 

fracture tip, particularly at the lowest strain-rate.  The apparent number of voids increases 

slightly with increasing strain-rates.   
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Figure 5.73:  FG sheet tensile tested at 350°C fracture surface images (SE mode). 

 

Figure 5.74 shows the fracture surface images at 450°C.  A moderate number of 

voids are seen at the lowest strain-rate.  These voids are not localized to the fracture tip, 

and are observed at many points along the failed surface.  As the strain-rate increases, the 

voids become limited to just the fracture tip, and decrease in number and size. 
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Figure 5.74:  FG sheet tensile tested at 450°C fracture surface images (SE mode). 

 

The fracture surface images at 550°C can be seen in Figure 5.75.  At the lowest 

strain-rate, the fracture surface of the FG material is jagged, and fracture occurs over a 

large area.  At higher strain-rates, the fracture zone thins to a point, and the number of 

voids decreases until there are very few voids visible at 6.7x10
-1

s
-1

. 
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Figure 5.75:  FG sheet tensile tested at 550°C fracture surface images (SE mode). 
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Chapter 6 Discussion 

6.1 Introduction 

In the following chapter, the results of the study will be discussed, examined and 

related to existing published knowledge.  First, the effect of the microstructure on the 

deformation and failure behaviour at room temperature is discussed.  Next, the 

deformation behaviour at elevated temperatures is examined, with emphasis placed on 

relating stress and strain behaviour to the initial microstructure and the microstructure 

produced during exposure to elevated temperature.  Additionally, the strain-rate 

sensitivity and activation energy are discussed and related to the deformation behaviour.  

The effect of elevated temperature and deformation on the evolution of the grain structure 

is then discussed.  Next, the effect of temperature and deformation on cavitation and 

failure is examined.  Finally, the elongation to failure of the materials is examined. 

6.2 The Effect of Microstructure on the Deformation Behaviour 
and Failure at Ambient Temperature 

The most marked difference between behaviour of the two materials at room 

temperature is seen in the yield strength, as seen in Figure 6.1. 
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Figure 6.1:  Comparison of the stress-strain curves of the FG and T4P materials at room 

temperature. 
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The T4P material has a yield strength of approximately 149MPa while the FG material 

has a yield strength of only ~41MPa.  The two major microstructural differences between 

the two materials are the precipitate structure and the grain size.  Examining the 

precipitate structure, the FG material is in an overaged state (final annealing stage is 

20min@380°C), while the T4P material is in the underaged state (low temperature pre-

aging plus possible natural aging during storage at room temperature).  Overaged 

precipitates, such as those found in the FG material are non-shearable with large spacing 

between them.  Therefore, they can be easily bypassed by dislocations and hence do not 

significantly strengthen the material [18].  The T4P material, in the underaged condition, 

will contain many nano-sized precipitates [115,120] which can effectively block 

dislocations.   

 

If the difference in the materials‘ grain sizes is considered, the Hall-Petch 

relationship (Equation 2.2) should hold.  The Hall-Petch constant, ky, has been 

extensively studied and recorded in literature for aluminium and aluminium alloys.  For 

pure aluminium, ky=0.068 [24] and for a 6000 series aluminium in the T4 state (therefore 

similar to our T4P material condition), ky was found to be statistically zero [136].  This 

suggests that grain size has little effect on the strength of these AA6xxx alloy sheets, at 

least in the range of grain sizes we are concerned with, and therefore, the discrepancy in 

strength between the T4P and FG materials at ambient temperature can be attributed 

solely to the initial precipitate structure. 

 

 From Figure 6.1, it can be seen that there is a difference in the work hardening 

rate (WHR) between the two materials, as indicated by the slope of the stress-strain curve 

beyond the yield point.  Work hardening can be seen as a competition between 

dislocation storage and thermally dependent dynamic recovery [137].  Obstacles such as 

non-shearable precipitates can lead to increased storage of dislocations, and therefore 

more work hardening.  The stress-strain plots show that the T4P material has a 

significantly higher work hardening rate than the FG material.  The WHR of the FG 

material is particularly low between 20% and 40% elongation.  It has been shown 

previously in AA6111 by Poole et al. [138] that the material in the supersaturated solid 
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solution condition exhibits a very high work hardening rate, likely caused by the 

decreased rate of recovery created by the presence of solute atoms [139].  As the material 

is aged, the WHR decreases until the precipitates reach the point where they are no longer 

shearable, after which, the initial (i.e. σ = σy) WHR sharply increases, while the WHR at 

higher elongations decreases dramatically [138].  In the case of the T4P material, the 

material is in the underaged condition, with significant amounts of solute still in solution, 

which creates its high WHR.  In the case of the FG material, the material is significantly 

overaged, with precipitates that are non-shearable and that could therefore lead to 

increased storage of dislocations.  The amount of work hardening that the precipitates can 

contribute is, however, dependent on the density of the precipitates [138], and for a 

heavily overaged material such as the FG material, the density is very low, leading the 

material to behave more closely to pure aluminium.  As material failure at room 

temperature is often considered in terms of a critical stress, such as Tresca‘s critical shear 

stress criterion [125], it is to be expected that materials with higher WHR will reach this 

stress at an earlier strain, and therefore fail earlier.  The T4P and FG materials followed 

this behaviour as the T4P material with the higher WHR rate failed at lower strains than 

the FG material.  Similarly, a lower yield stress can allow longer elongations before the 

critical stress is reached, allowing materials with lower yield stresses to achieve larger 

elongations to failure; the T4P and FG materials follow this trend.  Increased fracture 

strain with decreasing yield strength has been similarly reported for AA6111 by Lloyd 

[125]. 

 

The fracture surfaces of the FG and T4P material show differences, as well.  In 

the T4P material (Figure 5.10) evidence of ductile shear failure is observed in the 

elongated dimples.  This matches well with the ductile shear failure caused by the void 

sheeting mechanism of failure, commonly seen in precipitation hardened aluminium 

alloys [125].  Additionally, the fracture surface is angled at 45°, which matches well with 

a sample that had failed upon reaching a critical shear stress, resulting from the 

propagation of a crack along the highest stress path (i.e. brittle).  In the FG material 

(Figure 5.12), the fracture surface exhibits a cup/cone morphology.  This suggests that 

failure was due to the formation of voids in the interior of the sample, which eventually 
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led to the failure of the sample, rather than a brittle shear type failure [140].  In both 

cases, large particles close to the fracture surface were seen to crack, or lose cohesion to 

the matrix material.  The voids created by these particle failures did not appear to grow 

substantially in the observed samples; however, they would act as excellent crack 

initiation points, and may have played a large role in the initiation of failure in both 

materials.  The micrographs show that the FG sample thinned more substantially at the 

fracture tip than the T4P material.  The dimples in the FG sample appear deeper 

suggesting that voids at the fracture surface were able to grow to a larger size before 

failure.  This is likely due to the much lower stresses seen in the FG material during 

deformation, and allowed the larger elongation to failure of the FG material.  In both 

materials, necking was localized to an area very close to the fracture tip, although more 

pronounced in the T4P material.  This is indicative of a low strain-rate sensitivity, as 

strain-rate sensitivity is a primary factor in retarding neck formation [11].  This low 

strain-rate sensitivity was seen in the very slight increases in flow stress seen in each 

material as the strain-rate was increased.  It has been shown in literature that similar 

alloys do indeed exhibit a very low strain-rate sensitivity at room temperature [125,137].   

6.3 The Effect of Initial Microstructure on the Deformation 
Behaviour at Elevated Temperatures 

In this section, the deformation behaviour between 350°C and 550°C of the FG and T4P 

materials is discussed. 

6.3.1 Stress-Strain Relationships 

Comparing the peak stresses of the T4P and FG materials, it is clear that at lower 

temperatures (<450°C) the materials behave very differently, while at higher 

temperatures (>450°C) they behave similarly, as seen in Figure 6.2. 
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Figure 6.2:  Comparison of the peak flow stress of the FG and T4P materials at a) low temperatures 

and b) high temperatures. 

Examining the stress-strain curves of the T4P and FG materials at 350°C and 

400°C, the T4P material exhibits much higher stresses during deformation than the FG 

material.  As seen in Figure 6.2, the elevated stress of the T4P material is more 

prominently seen at high strain-rates.  The difference in the stresses (σT4P-σFG) at each 

temperature and strain-rate is listed in Table 6.1. 

Table 6.1:  Peak stress difference between the two materials in each condition (values in MPa) 

Strain-Rate 

(s-1) 

σT4P-σFG (MPa) 

350°C 400°C 450°C 500°C 550°C 

5.0x10-4 44.2 20.8 4.7 1.4 0.3 

2.0x10-3 48.8 24.6 6.3 1.3 0.2 

2.0x10-2 53.8 38.1 5.1 0.7 0.5 

6.7x10-2 53.7 49.5 6.2 0.5 0.3 

6.7x10-1 54.5 51.0 7.7 1.5 2.1 

 

This temperature and strain-rate relationship suggests that the presence of 

precipitates is responsible for the elevated stresses.  Small, closely spaced precipitates act 

as obstacles for dislocation glide, similar to their effect at room temperature, however, at 

elevated temperatures, the primary method of bypassing obstacles in aluminium alloys is 

dislocation climb [26], rather than Orowan looping or particle shearing.  The elevated 

 a) b) 
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stresses seen at the low temperatures and high strain-rates of the T4P material can be 

indicative of the increased stresses that are required to produce the climb required to 

bypass an array of particles.   Grain size may play an underlying role in the stress 

difference, however it is impossible to distinguish it from the effect of the precipitates in 

this study.  A fine grain size increases the area fraction of grain boundaries and, as 

diffusion rates are higher along grain boundaries [18], the total average diffusion rate will 

also be increased.  As dislocation climb is dependent on diffusion, this could make climb 

easier in the FG material, leading to the lower overall stress required to deform the 

material.  Static ageing of the T4P material at 350°C and 400°C (Figure 5.14) revealed 

that a fine distribution of small, elongated precipitates were present within the grains.  At 

higher temperatures, the fine precipitates disappear, leaving only large precipitates.  

These fine precipitates explain the significantly higher stresses seen in the T4P material 

at the low temperatures.  At high strain-rates, the stress difference increases, especially at 

400°C.  This can be explained by the kinetics of precipitation.  Each sample is pre-heated 

for 2 minutes prior to a test.  This produces a preliminary precipitate structure.  At 350°C, 

the precipitates will be smaller and more closely spaced than the precipitates at 400°C 

(higher driving force for nucleation, lower rate of diffusion).  During the test, the 

precipitate structure will continue to evolve, however the precipitates in the 400°C 

sample will coarsen more rapidly than the 350°C sample due to the increased rate of 

diffusion.  At the lowest strain-rate, the test can take more than 20 minutes to complete, 

allowing the precipitates to coarsen significantly, while the highest strain-rate test takes 

only a few seconds to complete, leaving the precipitate structure very close to the pre-

heat structure.  The stress difference at the lower strain-rates is much lower at 400°C 

because of the increased rate of coarsening at this temperature.  At 450°C, 500°C and 

550°C, this strain-rate dependence is not seen.  There are two possible reasons for this.  

First, the 2 minute pre-heat at these elevated temperatures could be enough time to cause 

the precipitates to become so heavily overaged that they are not providing any 

strengthening potential, or, second, the precipitates that provide strengthening (Q phase 

and β precipitates) simply do not form at these temperatures.  Images of the precipitate 

structure suggest that the precipitates formed at 450°C are too heavily overaged to 

provide strengthening.  At 500°C, some precipitates may form, but only a few, and they 
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are very coarse; at 550°C, the material becomes solutionized and does not contain 

precipitates. 

 

The FG material does not show any large jumps in the stress at any temperature.  

Also, the rate-increase of stress with strain-rate (i.e. slope of the stress vs. strain-rate plot) 

is very consistent across all temperatures.  This suggests that the time and temperature 

have very little effect on the precipitate structure, or the precipitate structure formed has 

very little effect on the stress in the material.  Examination of the precipitate structure at 

different temperatures (Figure 5.17) shows that the microstructure does indeed change 

(i.e. precipitate coarsening and dissolution at higher temperatures).  Therefore, we can 

conclude that the pre-existing structure does not contain any precipitation potential, nor 

does exposure to increasing temperatures further weaken the material.  This matches well 

with the initial observations of the microstructure: an even distribution of equal sized (i.e. 

narrow size-distribution) large, overaged precipitates.  Equal sized precipitates have a 

low driving force for coarsening due to the small concentration gradient of solute seen 

within the matrix [22]. 

 

In both materials, the trend was found that the strain to peak stress decreased with 

increasing temperature, and increased with increasing strain rate.  This was especially 

evident at the lower temperatures.  Also, on average, the strain to peak stress was lower 

in the T4P material than it was in the FG material.  In an ideal tensile test, where the 

necking corrected true stress and strain could be measured, the peak stress would 

represent the point where hardening and recovery/recrystallization mechanisms are 

balanced; hardening increases the flow stress, and recovery reduces the flow stress [141].  

However, as the difficulties with the measurement of the true stress preclude this 

simplification, necking must also be considered; necking reduces the cross-sectional area, 

which will lead to a drop in the measured stress.  Ignoring the reduction in cross-sectional 

area, the later onset of the peak stress suggests either more hardening or less recovery is 

occurring.  As hardening is primarily related to the amount of strain undergone 

(hardening rate,  
tfH   / where σf is the flow stress [142]), less recovery must 

explain the extended strains to peak stress at lower temperatures.  Recovery is a time 
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dependent process (recovery rate,  


 tR f  /  [142]) which would explain why the 

peak stress occurred at higher strains, at higher strain-rates. Additionally, recovery is 

closely linked with diffusion (vacancy diffusion climb of dislocations into lower energy 

positions [143]), which becomes more rapid at higher temperatures.  If necking were 

considered the only mechanism of stress reduction, separate from the recovery processes, 

the onset of necking would occur at or just before the peak stress (i.e. UTS).  Correlating 

the effect of necking on the peak stress with the observed strain to peak stress results, this 

would mean that necking occurs earlier at high temperatures and low strain-rates.  The 

enhanced hardening effect of the strain-rate sensitivity at higher strain rates (enters the 

rate equations as an exponent) could explain the fact that the strain to peak stress 

increases with strain-rate by delaying the onset of necking.  However, as temperature 

increased, so too did the strain-rate sensitivity and elongation to failure, both of which 

would give evidence towards later onset of necking instead of earlier; this does not match 

with the observed results.  Therefore, recovery rather than necking is most likely the 

dominant effect at higher temperatures.  The onset of necking may have some effect on 

dictating the strain to peak stress; however, without accurate measurement of this factor, 

it cannot be separated from the effect of recovery.  The earlier onset of peak stress in the 

T4P material when compared to the FG material could be caused by two factors.  First, 

necking likely occurred later in the FG material as indicated by the much larger 

elongations to failure.  Second, due to the fine precipitate structure in the T4P material, 

dislocations would quickly become tangled, leading the rapid hardening early, where as 

the FG material would be able to undergo more strain before peak hardening would 

occur. 

 

At the highest temperature and lowest strain-rate, both materials exhibited a strain 

that, beyond which, the stress did not significantly decrease until failure of the sample 

(see Figure 5.21 and Figure 5.30).  As these are engineering stress-strain curves, it is 

difficult to pinpoint the exact cause of this change in the rate-change of stress during the 

test, but a similar trend can be seen in the stress-strain curves in the tests done by Kim et 

al. [72] (see Figure 2.31).  Kim et al. determined that deformation in those samples was 

the result of grain boundary sliding (m=0.5).  A decrease in the negative slope of the 
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stress-strain curve with increasing strain could be caused by an increase in the hardening 

of the material or a decrease in the rate of recovery of dislocations in the structure.  A 

decrease in the rate of recovery is expected as the subgrain structure reaches a steady 

state [141].  The other factor that could affect the rate-decrease of stress is the amount of 

necking; more uniform deformation would decrease the rate-decrease of stress in an 

engineering stress-strain curve.  Less necking caused by an increase in the strain-rate 

sensitivity resulting from a change in the deformation mechanism (i.e. going from 

dislocation climb-controlled deformation to grain boundary sliding) would explain the 

similarities between the data in this study and those by Kim et al. [72].  This suggests that 

grain boundary sliding possibly occurs in both materials at 550°C and the lowest strain 

rate. 

6.3.2 Strain-Rate Sensitivity and Activation Energy 

6.3.2.1 High Temperatures (500°C-550°C) 

The strain-rate sensitivity and activation energy for deformation were determined 

from the tensile test data and tabulated in 
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Table 5.5 (T4P) and Table 5.8 (FG).  The deformation behaviour and therefore values of 

m and Q of both materials at 500°C and 550°C can be seen to be very similar in both 

materials.  At these temperatures, the strain-rate sensitivity is just below 0.2 (or N is 

slightly greater than 5).  This matches well with the strain-rate sensitivity associated with 

dislocation climb [26].  Also, the activation energy for deformation found for 500°C-

550°C is approximately 134kJ/mol, which is close to the activation energy for self 

diffusion in aluminium (142kJ/mol) [18].  The activation energy is the energy required to 

by pass an obstacle by the deformation mechanism.  This suggests that at the highest 

temperatures, both materials are deforming by the same mechanism, dislocation climb 

controlled by the self diffusion of aluminium.  While the observed activation energy is 

also similar to that of the diffusion of Mg in aluminium, 136kJ/mol [134], it is unlikely 

that this is the rate controlling mechanism as this would suggest a solute drag (SD) 

mechanism of deformation; the solute content of the alloy is lower than that of alloys that 

traditionally see SD and the observed strain-rate sensitivity is much lower than would be 

expected in SD (m=0.3).  As discussed in Chapter 2, deformation by dislocation climb is 

insensitive to grain size (p=0), leading to similar stresses despite the different grain size.  

It should be emphasized here that the strain-rate sensitivity and activation energies found 

here are average values over the entire range of strain-rates, which is a limitation of this 

method of determining the strain-rate sensitivity.  If, for example, the activation energy at 

the highest strain-rate was lower than that seen at lower strain-rates due to power law 

breakdown, it would result in an average activation energy that was lower than expected 

for most strain-rates.  Any speculation on the depression or inflation of the average 

activation energy would be impossible without more extensive testing on a much more 

narrow range of strain-rates, or the utilization of a different technique for measuring 

activation energy.  Despite this, comparing these values to those found for similar 

materials shows good correlation.  In the fine-grained 6000 series aluminium developed 

by Kaibyshev et al.[14], they found that in the range of 500°C-550°C, the strain-rate 

sensitivity is 0.2 at most strain-rates, only peaking to higher values (~0.4) in a short range 

of strain-rates (~1x10
-5

-1x10
-3

s
-1

) [14].  A similar trend was found by Troeger and Starke 

[10] when they tested their fine-grained material, although they only tested under a much 

smaller range of strain-rates.  They showed that the strain-rate sensitivity peaked to 0.4-
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0.5 at a strain-rate of 2x10
-4

s
-1

, with lower strain-rate sensitivities seen at lower and 

higher strain-rates [10].  In both of these studies, these increases in the strain-rate 

sensitivity were related to the onset of grain boundary sliding within the material [10,14].  

In the load relaxation tests conducted by Park et al. [15] on a fine-grained 6000 series 

aluminium alloy, they also found that grain boundary sliding occurs between strain-rates 

of approximately 1x10
-5

 and 1x10
-3

s
-1

at temperatures above 500°C [15].  The strain-rate 

sensitivity data from the tests in this project do not show evidence of grain boundary 

sliding in either material.  There are several reasons that can explain this difference.  

First, only the lowest strain-rate that that was examined in this study occurs at the very 

end of the range of grain boundary sliding friendly strain-rates seen in other studies.  It is 

therefore possible that for our materials, we did not examine the range of strain-rates 

where grain boundary sliding occurs.  Second, the method employed to determine the 

strain-rate sensitivity averages the value over the entire range of strain-rates, 

overshadowing any possibility of observing higher values of m at the low end of the 

strain-rates.  The other studies examined measured strain-rate sensitivity using strain-rate 

change tests [10,14] or load relaxation tests [15], which allow measurement of strain-rate 

sensitivity at an individual strain-rate.  This does not mean that grain boundary sliding 

did not occur, and indeed there is evidence that, at the highest temperatures and lowest 

strain-rate, grain boundary sliding does occur (such as the stress-strain plot profile 

change, and the altered failure mechanism), however, without a more precise method of 

strain-rate sensitivity measurement, or a method of directly observing the sliding of 

grains, such as the use of microscratches on the surface of specially prepared tensile 

specimens prior to testing in order to observe grain rotation, it is impossible to 

definitively identify grain boundary sliding as a deformation mechanism. 

6.3.2.2 Low Temperatures (350°C-450°C) 

6.3.2.2.1 T4P Material 

At 450°C, the strain-rate sensitivity starts to decrease in the T4P material.  At 

350°C the strain-rate sensitivity becomes very low, only 0.061.  The strain-rate sensitivity 

of the T4P material at 400°C is actually higher than that at 450°C, which does not match 

the observed trend of decreasing m with decreasing temperature seen at all temperatures 
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in the FG material, and most temperatures in the T4P material.  This anomaly can be 

explained by the effect of the precipitates on the stress.  In section 6.3.1, it was shown 

that at 400°C, the precipitation strengthening is influenced heavily by the time at 

temperature, or strain-rate, while the precipitates at 450°C quickly became too overaged 

to provide any strengthening effect.  This causes the material to have higher than 

expected stresses at high strain-rates at 400°C, and when combined with the method of 

strain-rate sensitivity measurement, leads to a higher value of m than would be expected. 

 

The activation energy, Q, becomes very large at the low temperatures, as high as 

512.6kJ/mol for the 400°C-450°C range.  This large jump in the activation energy can be 

seen in the strain-rate vs. stress/E plot in Figure 6.3. 
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Figure 6.3:  Activation energy change between low temperature and high temperature deformation 

of the T4P material 

This high value of Q, which is calculated as the difference in strain-rate between 

two temperatures at a constant stress (see Equation 4.5), is caused by the anomalously 
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high stresses seen at the low temperatures.  This effect is further seen in the normalized 

strain-rate vs. stress/E plot, shown in Figure 6.4. 
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Figure 6.4:  Discontinuity in normalized strain-rate vs. stress plot of the T4P material. 

As can be seen, the data from the low temperature tests causes a discontinuous 

curve.  This discontinuity matches well with data for particle hardened alloys; the 

material deforms at stresses higher than seen in the single phase alloy [48,51,53,133] (see 

Figure 2.9).  At 450°C and 500°C the precipitates have dissolved or coarsened so much 

that they do not provide strengthening, and at 550°C, the material is in a solutionized 

state with no precipitates present.  This discontinuity is associated with the appearance of 

a threshold stress during deformation [48,51,53,133].  The threshold stress is essentially 

an internal stress that is in opposition to the applied stress (i.e. iaeff   , where σeff 

is the effective stress, σa is the applied stress, and σi is the internal threshold stress).  As 

the material requires the same effective stress to deform, an internal stress causes the 

required applied stress to be increased.  The very large value of Q is also reported to be 

8 

5 
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associated with the existence of a particle hardened material [48,51,53,133].  From an 

atomistic point of view, the hardening particles, in our case, hardening precipitates, 

provide obstacles for dislocations.  In order for deformation to continue, the dislocation 

must bypass the precipitate.  In a single phase material, dislocations bypass small 

obstacles by dislocation climb, accommodated by self diffusion.  Precipitates however, 

generate a stress field around themselves due to lattice mismatch in coherent and semi-

coherent interfaces, and stresses caused by elastic mismatches [53].  Additionally, or, in 

the case where particles do not create a stress field (i.e. fully incoherent particles), 

primarily, an internal stress is generated by the extra dislocation line length created as the 

dislocation bows around the particle [53].   This stress is an extra obstacle the dislocation 

must overcome.  As such, additional stress must be applied (the threshold stress) to 

bypass the obstacle.  This also causes the activation energy for deformation to be inflated 

as the activation energy is the energy required to by pass an obstacle by the deformation 

mechanism plus the energy required to overcome the additional internal stress 

[48,51,53,133].   

 

6.3.2.2.2 FG Material 

In the FG material, the strain-rate sensitivity decreases with decreasing 

temperature, reaching a minimum value of 0.11 at 350°C.  In contrast to the T4P 

material, when the data for the FG material is plotted on normalized strain-rate vs. 

stress/E plot (Figure 6.5), a single, continuous curve is generated. 
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Figure 6.5:  Normalized strain-rate vs. stress/E plot for FG showing a continuous curve. 

This curve shows clearly how the stress exponent (N=1/m), or the slope of the 

curve, increases with increasing stress, or decreasing temperature.  As can be seen, the 

slope changes from ~5 to a value of ~8 at approximately SR/D=10
13

.  This matches very 

well with the onset of power-law breakdown in pure aluminium [48].  Examining the 

activation energy for deformation of the data in this regime (350°C -400°C), it can be 

seen that Q is only 93.5kJ/mol.  This value is much lower than the activation energy for 

self diffusion in aluminium, 142kJ/mol.  It is however closer to the value reported for 

diffusion of vacancies through dislocation cores (core diffusion), 82kJ/mol, and diffusion 

of vacancies along high energy boundaries (boundary diffusion), 84kJ/mol [18].  The 

lowered value of Q also agrees with the onset of power-law breakdown [26,48].  Power-

law breakdown is defined as an increase in the creep-rate of a material beyond what is 

seen in Stage II creep.  In other words, the material is deforming more rapidly under an 

applied load than would be predicted at lower stresses.  One theory suggests that an 

5 

8 
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increased level of diffusion caused by an excess of vacancies in the material [19] or by 

diffusion along substructure boundaries is the reason for the increased creep-rates[26].  In 

the FG material in the 350°C to 400°C, the increased creep-rates could be enhanced due 

to the fine grain structure (more boundary diffusion) or increased diffusion rates along 

the surfaces of large precipitates uniformly distributed in the microstructure at these 

temperatures.  The exact reason for the decrease of m and Q during power-law 

breakdown is still widely debated (see 2.3.2), and this study does not provide any 

additional insight into the problem. 

 

6.3.3 Constitutive Analysis through Load Relaxation Behaviour 

In the temperature range of 350°C-450°C, the internal variable theory approach 

matched very well with the load relaxation test data, assuming the GMD mechanism, for 

both materials.  The dislocation permeability, p
*
, was found to be 0.15, which is identical 

to results found for AA6013 [15].  Also, the trend of decreasing stress parameter and 

increasing strain-rate parameter with increasing temperature matches results found in 

literature [15].  As the stress parameter represents internal stresses generated by long 

range dislocation interaction and internal friction forces, it is expected that this value 

decrease with increasing temperature.  Likewise, as the strain-rate parameter represents a 

thermally activated process, an increase in temperature will raise this value.  At higher 

temperatures, the fit to the GMD equation becomes much poorer.  In literature, GBS 

becomes evident at temperatures above 500°C [15], however a clear fit to the present data 

using the GBS equation could not be found.  It is possible that the load cell used in the 

experiments was not sensitive enough to detect the very fine fluctuations in the stress as 

the stresses were well below the load cell‘s rated capacity (the stress was only 1-2MPa at 

these temperatures) or deformation outside the gauge area affected the results.  GBS 

would be represented on the stress vs. strain-rate plots as a slightly lower than expected 

flow stress over a short range of strain-rates (see Figure 2.11).  Additionally, the lower 

strain-rates could not be clearly resolved as fine disturbances generated by the hydraulic 

system caused small fluctuations in the stress signal meaning strain-rates below 10
-4

s
-1

 

could not be resolved.  This means that the ―window‖ for the occurrence of grain 

boundary sliding may not have been visible in our experiments. 
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6.4 The Effect of Initial Microstructure and Deformation 
Conditions on Grain Structure Evolution 

When tested in the 350°C to 400°C range, the T4P material‘s grain structure 

underwent little change.  The grain size did not change significantly, which was expected 

after the static ageing tests, and the grain shape only showed a slight elongation in the 

tensile direction.  The FG material‘s grains, after testing in the same temperature interval, 

showed little growth, but did show extensive elongation in the tensile direction.  The 

grain size stability in this temperature range was estimated by the static ageing tests 

conducted when dynamic recrystallization does not occur.  The grain size stability in each 

of these materials at these temperatures can be explained by similar mechanisms.  For 

grain growth to occur, grain boundary migration must occur.  The driving force for this 

migration is the reduction of boundary area, and as such, there is a differential energy 

created between grains with large boundary areas and those with small boundary areas.  

Therefore, migration of boundaries generally causes grain sizes to increase.  When the 

grain size in a material is relatively consistent, the driving force for migration becomes 

quite small.  In both the T4P and FG material, the original grain structure appeared to 

consist of grains with a relatively narrow grain size distribution.  Additionally, any small 

imperfections such as particles, at the boundary front can impede the migration of the 

boundary (Zener pinning [43]).  The T4P material had undergone a solutionizing 

treatment at high temperatures prior to testing, and it is possible that any boundary 

migration that would have occurred (at the conditions of this study), did occur, leaving a 

thermally stable grain structure.  The FG material‘s grain structure contained much 

smaller grains than the T4P material, and therefore would be subject to higher driving 

forces for grain growth because of the larger grain boundary area of the fine grains.  The 

uniform distribution of precipitates produced by the heat treatment procedure used to 

produce this material likely aided in retaining the fine grain structure through the pinning 

effect of these particles on the boundaries; images of precipitates on the grain boundaries 

could not be obtained, however this possibility should be further explored in the future.  

The elongation of the grains in the failed material increased as the total elongation to 

failure of the sample increased. 
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The microstructures of the T4P and FG samples tested at 450°C both showed 

significantly elongated grains.  This matches well with the elongation to failures seen in 

both materials.  The average grain size of the T4P material does not increase, which 

matches well with the static ageing tests suggesting deformation does not strongly affect 

the grain size at this temperature.  The grain size of the FG material does begin to 

increase at these testing conditions.  The static ageing tests revealed that there was a 

small amount grain growth at this temperature.  Interestingly, the grain boundaries of the 

FG material appear serrated, not smooth, as shown schematically in Figure 6.6. 

 

Figure 6.6:  Schematic of elongated grains with regular and serrated boundaries 

There are two possible reasons for this grain morphology.  First, as the grain boundaries 

migrate during grain growth, sections of the boundary could become pinned on 

precipitates within the material, causing the boundary to bow around these particles.  The 

spacing between the serrations matches satisfactorily with the spacing between the 

particles in the FG material at this temperature (~2μm).  Second, the serrations could be 

due to surface tension effects generated by subgrains within the grains [43].  This 

phenomenon is seen during deformation of high stacking fault materials to very high 

strains [43].  There are several reasons why the serrations were not seen at lower 

temperatures.  First, the elongations to failure at lower temperatures were not as high as 

at 450°C, leading to less total strain undergone by the sample.  Second, lower 

temperatures do not facilitate the migration of dislocations into subgrain structures as 

readily as higher temperatures due to the lower diffusion rates.  Finally, the migration of 

grain boundaries is slower at lower temperatures due to a lower level of thermal 

activation. 

 

At 500°C, the grain structure of both materials became similar.  Both materials 

appear to exhibit a bimodal grain size distribution from the observed microstructure 

Regular elongated grain Serrated grain 
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images.  Large, elongated grains can be seen in both materials, as well as smaller, 

equiaxed grains, which are most defined around the edges of the large grains; faint 

outlines of equiaxed grains can be seen in the interior of the large grains (e.g. Figure 

5.50).  This was seen more extensively in the T4P material than the FG material.  This 

suggests the existence of a well defined recovery structure within the material (i.e. the 

beginning of dynamic recrystallization).  Drawing from the observed strain-rate 

sensitivity and activation energy and relating it to similar results found in literature, this 

structure could be the cell structure created during dislocation climb controlled creep 

[26].  The outer edges of the grain would be exposed to higher stresses, and undergo 

higher levels of strain than the interior of the grain [26], particularly in the presence of 

any grain boundary precipitates [83].  During deformation, the grain boundary 

precipitates would create high levels of stress around themselves due to the elastic 

mismatch between the precipitates and the matrix, which would create a large number of 

dislocations localized in these areas.  This higher dislocation density would create an 

environment that would promote the subgrains in these areas to obtain higher levels of 

misorientation [43].  This would account for the larger population of ―clear‖ boundaries 

at the exterior edges of the grains, particularly in the T4P material where grain boundary 

precipitation was pronounced.  At 550°C, most evidence of the original, large grain 

structure has disappeared, leaving a primarily equiaxed grain structure in both materials.  

The presence of a similar cell structure, albeit less defined (i.e. lower misorientation 

angle) in the center of the grains suggests that the transition from an elongated grain 

structure to a recrystallized structure is a continuous recovery/recrystallization process, 

rather than a discontinuous process involving nucleation and growth of undeformed 

grains.  It is therefore likely that the refinement in the grain structure during deformation 

at these high temperatures is due to the evolution of low angle cell boundaries into high 

angle boundaries.  Both the elevated temperature (increased dislocation mobility) and the 

strain (increased dislocation density) likely play a role in this evolution.  The high 

temperatures would increase the rate at which dislocations move into the cellular 

structure through increased diffusion rates.  The high strain levels seen at the elevated 

temperatures would increase the dislocation densities in the cell boundaries, increasing 

the misorientation angle of the boundaries.  All of this evidence points towards a 
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continuous recrystallization process, however, a definitive conclusion can not be made 

without further characterization of the microstructure at various stages of deformation, 

using methods such as electron back scatter diffraction (EBSD). 

 

Comparing the recrystallized grain sizes at 500°C and 550°C, it can be seen that 

the grain size decreases with increasing strain-rate.  The higher strain-rates lead to less 

time that the sample is at temperature.  It is likely that the same process of dynamic 

recrystallization occurred at the lower strain-rates, however, longer exposure to high 

temperatures during testing caused some grain growth.  Additionally, it has been shown 

that the size of subgrains that form during deformation is a function of the stress; higher 

stress leads to smaller subgrain sizes [144].  Higher strain-rates generate higher stresses, 

which could also be an influencing factor on the recrystallized grain size.  The fact that 

both materials exhibited similar gain sizes under the same deformation conditions 

suggests that the process that created the recrystallized grains could be the same in both 

cases.  In the case of the T4P material, this meant subdivision of large grains by subgrain 

boundaries to produce a finer grain structure.  The FG material underwent some grain 

growth, and the fact that the grains stabilized to the same size as the T4P material 

suggests that the recrystallized grains are not growth-limited in the same manner as the 

original grain structure (that underwent little grain growth at similar temperatures, see 

Figure 5.13).   

 

The evidence of abnormal grain growth at the fracture tips of the tested samples 

was most baffling.  No reports of similar phenomena could be found in literature, 

however several explanations are presented by the author which could explain this 

phenomenon.  First, as abnormal grain growth was only observed at the highest 

temperatures (>450°C), and highest strain-rates, we can assume this process requires both 

high temperatures and high stresses.  This is emphasized by the fact that the abnormal 

grain growth occurred only at the fracture tip, where the stress and strain would be the 

highest.  The subgrain structure in this region may evolve to higher energy boundaries 

(larger misorientation) earlier than other areas of the sample due to the higher strains seen 

as a result of higher stresses.  These higher misorientation boundaries have a higher 
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mobility than lower angle boundaries, and therefore could rapidly consume the 

surrounding grains and subgrains [145].  The high levels of stress and strain could also 

induce localized heating, which would lead to even higher diffusion rates, also enhanced 

by the boundary diffusion along the highly developed cellular structure.  All of these 

factors could lead to increased grain boundary mobility in these regions.  Additionally, 

once the abnormal grain growth had initiated, it would continue rapidly; the larger the 

size discrepancy, the larger the boundary energy disparity, leading to increased growth 

rates of the large grain [145]. 

 

6.5 The Effect of Initial Microstructure and High Temperature 
Deformation on Damage and Failure 

At most deformation conditions, except the lowest stress conditions (i.e. high 

temperature and low strain-rate), there was very minimal cavitation (<1%) seen in the 

tensile tested samples.  The small cavities that do form appear to initiate from large 

particles within the samples.  These large particles were earlier identified as iron-

containing dispersoids.  At elevated temperatures, the voids appear to initiate from 

decohesion of the particle from the matrix, while at room temperature, void initiation 

appears to be a combination of decohesion, and particle fracture.  Particle fracture is seen 

at room temperature only because of the significantly higher stresses seen at that 

temperature compared to the elevated temperature tests.  Large iron-containing 

dispersoids can be clearly seen in high resolution images of the fracture surfaces as 

observed in the work of Sooky Winkler [146] at the base of voids, suggesting either 

initiation of voids from these particles or termination of void growth at the particles.  

Figure 6.7 shows an SEM image of the fracture surface, with arrows highlighting large 

particles at the base of the dimples. 
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Figure 6.7:  Fracture surface showing large iron containing particles at the base of dimples (T4P, 

350°C, 5.0x10
-4

s
-1

) (SE mode) [146]. 

As the cavities grow, they form elongated cavities, or ―stringers‖ which are 

generally aligned with the tensile direction.  These stringers are common in aluminium 

alloys that have been deformed at elevated temperatures [147].  Close examination of 

these stringers showed that they are not simply aligned with the tensile direction, but 

appear to follow a specific path in the tensile direction.  From the as-polished through-

thickness images of the fracture areas, it appeared that the stringer path involved short 

jumps from particle to particle in the general tensile direction.  By etching the samples 

and observing them under high resolution SEM, Sooky Winkler was able to reveal that 

not only do they jump from particle to particle, the paths generally coincide with grain 

boundaries, as seen in Figure 6.8 [146]. 

20μm 
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Figure 6.8:  Stringer formation along grain boundaries (Backscatter mode) [146]. 

The above observations allow insight into the processes of void formation and 

growth in these materials.  First, the voids initiate from the largest particles in the 

material because they represent the largest local differential strain within the material.  

For example, if the matrix undergoes a strain of 20%, the particle, due to high elastic 

moduli and yield strengths, may only undergo a strain of 0.1%.  This will place large 

stresses at the interface of the particle with the matrix [143], particularly at the ends 

aligned with the tensile direction.  This eventually leads to decohesion of the particle 

from the matrix.  ―Ligaments‖, or the precursors to stringers, then form between voids 

[148].  These ligaments then grow into stringers.  The principles described in literature 

match well with those observed in this study [147].  From the observations in our samples 

(e.g. as seen in Figure 6.8), it is unclear if the ligaments form as a link between two 

existing voids (i.e. the initial void nucleated on a large particle and a very small void on a 

nearby particle), or whether the ligament forms between the initial void and the adjacent 

particle, and initiates a void to form upon that particle.  Another factor that must be taken 

into account is the microscopic fracture and void formation on small precipitates not 

10μm 

Grain 
Triple 

Point 

Grain 
Triple 

Point 

Stringer along 
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visible with the applied observation techniques.  Small precipitates, particularly the ones 

formed in the T4P material at low temperatures, could produce very small voids either 

through fracture under applied stress as dislocations pass through them [138], or through 

similar strain mismatch processes discussed for larger precipitates.  Elongated 

precipitates, such as those observed in the T4P material after static aging at high 

temperatures, are much more susceptible to fracture than the round precipitates found in 

the FG material.  The microvoids formed at precipitates could aid in the growth rate of 

larger voids, aid in the formation of ligaments between voids or grow into larger voids 

themselves. Understanding the details of these processes is the subject of a parallel study 

[146]. 

 

The additional effect of grain boundaries must also be accounted for as they 

evidently play a large role in ligament formation and cavity growth.  Grain boundaries 

themselves represent interruptions in the crystal structure of the grains and are therefore 

of lower strength than the grain matrixes themselves [149].  Additionally, diffusion of 

vacancies can happen very rapidly along grain boundaries which can aid the early growth 

of these cavity stringers.  Finally, the formation of grain boundary precipitates, as seen in 

the T4P material at certain conditions, creates a higher concentration of large precipitates 

along the grain boundaries than in the grain matrix.  The formation of these large 

precipitates also results in the creation of a region around the grain boundaries depleted 

of solute, and therefore devoid of any strengthening precipitates (precipitate free zones).  

Additionally, the grain boundary precipitates are significantly larger than the other 

precipitates, and therefore much more prone to nucleate voids due to strain mismatch.  

These weakened zones around the grain boundaries and the high concentration of large 

precipitates on grain boundaries in the conditions where grain boundary precipitation 

occurred could also cause the void stringers to grow along grain boundaries.  The very 

low concentration of voids in the T4P and FG material after deformation at most 

conditions prevents any meaningful comparison to understand how much of an effect 

grain boundary precipitation has on the process. 
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At the conditions where high levels of cavitation were found (high temperature, 

low strain-rate), the applied stress was low.  At first, this appears at odds with the above 

described mechanism of cavity nucleation and growth, however, these conditions are also 

ideal for the diffusion of vacancies.  At high temperature, the vacancy concentration in 

the material is high [22], and the high temperature allows rapid diffusion of these 

vacancies.  Additionally, the low strain-rates allow lots of time for vacancies to diffuse 

large distances.  Vacancy diffusion is most rapid along grain boundaries, and as a result, 

the voids form between grains and grow.  This is evident in the observation of the 

fracture surfaces of these samples as failure was caused by coalescence of these voids 

without necking.  High resolution images of these fracture surfaces taken by Sooky 

Winkler are shown in Figure 6.10 and Figure 6.10.  Arrows highlight areas were the 

voids have penetrated along grain boundaries, leaving a fracture surface similar to that 

which would be seen during intergranular failure.  Interestingly, this mechanism of 

failure is similar to that observed in the failure of a material undergoing grain boundary 

sliding [14]. 

 

Figure 6.9:  Fracture surface illustrating fracture path along grain boundaries in the FG material 

(500°C, 5.0x10
-4

s
-1

) [146]. 

20μm 



167 

 

 

Figure 6.10:  Fracture surface illustrating fracture path along grain boundaries in the T4P material 

(500°C, 5.0x10
-4

s
-1

) [146]. 

Growth by vacancy diffusion explains why the voids at these conditions are less 

aligned with the tensile direction than the stringers found in other conditions; growth is 

more controlled by grain boundaries than the applied stress.  It has been suggested in 

literature that as the size of the cavity increases, the growth mechanism changes from 

diffusion controlled growth to plastic controlled growth [147].  This can be observed in 

the samples as some voids exist as a central void surrounded by many thin ―arms‖ which 

extend along surrounding grain boundaries (see Figure 5.68).  The large void is likely 

plastically controlled, while the arms along the grain boundaries are much more affected 

by the diffusion of vacancies. 

 

 By examining the fractures surfaces of samples, it is possible to get an estimation 

of the level of cavitation present at the point of fracture.  From examination of these 

images (Figure 5.70 to Figure 5.75) it can be seen that both the FG and T4P samples 

failed primarily by necking (except for the previously discussed high temperature and 

20μm 
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low strain rates), as shown by the thinning of the sample to a point at fracture, but some 

clear differences between the fracture surfaces of the FG and T4P material can be seen.  

At 350°C, the T4P material clearly shows higher levels of cavitation than the FG material 

at all strain-rates.  One possible explanation for this difference is the very great difference 

in the stresses seen between the T4P material and the FG material.  The greater stresses in 

the T4P material would promote the formation of voids at large particles, and indeed, 

there are extensive levels of large precipitates, particularly on grain boundaries, formed 

during deformation of the T4P material at these temperatures.  Examining the fracture 

surfaces at 450°C, the situation is reversed; the FG material exhibits more voids at the 

fracture surface than the T4P material.  In this case, the stress in the FG material is still 

lower than the T4P material, however the differences is not as large as at 350°C.  This 

could be explained by the similar mechanism behind the large levels of cavitation seen at 

higher temperatures; high levels of vacancy diffusion, particularly along grain 

boundaries.  The lower grain size of the FG material would explain the elevated levels of 

cavitation because of the increased diffusion rates.  This mechanism would also explain 

why the level of cavitation in the FG material at 450°C decreased with increasing strain-

rate. 

 

The observed trend of increased elongation to failure and decreased area fraction 

of cavities in both materials could be related.  Clearly, at the conditions where very large 

area fractions of cavities are observed (>500°C and 5.0x10
-4

s
-1

), the inter-linkage of these 

cavities caused the premature failure of material, without even the onset of necking.  

However, even as the mode of failure became necking, with little influence of the 

cavities, as was the case in both materials tested at 500°C and 550°C and the strain-rate is 

increased from 5.0x10
-4

s
-1

 to 2.0x10
-3

s
-1

, the elongation to failure increased.  It has been 

suggested that the decreased level of cavitation at higher strain-rates is due to the effect 

of the strain-rate sensitivity [11].  Localized plastic strains (like around a cavity) will see 

higher strain-rates than the bulk material.  The strain-rate sensitivity will cause stresses 

around these zones to increase locally, retarding the growth rate of the cavities, as the 

primary growth mechanism of large cavities is plastic deformation.  The higher the strain-

rates, the more strengthening occurs.  The same can be said for necking.  Necking 
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increases local strain-rates, and strain-rate sensitivity can cause deformation to occur in 

regions undergoing lower strain-rates (i.e. out of the necked region), therefore making the 

deformation more uniform and extending elongation.  As the strain-rate sensitivity enters 

the equations as an exponent, this effect increases with increasing strain-rate.  This effect, 

combined with the decreased time for diffusion could explain the decreased levels of 

cavitation seen in both materials as strain-rate increased. 

 

6.6 Elongation to Failure Summary 

Using the conclusions gathered from the examination of the stress behaviour, the 

strain-rate sensitivity, microstructural evolution, and the cavitation and failure behaviour, 

the elongation to failure of the FG and T4P materials can be properly summarized.  A 

comparison of the elongations to failure of the two materials at lower and higher 

temperatures can be found in Figure 5.37 and Figure 5.38, respectively. 

 

At lower temperatures (i.e. 350°C to 450°C), the FG material achieved 

significantly larger elongations to failure than the T4P material under all deformation 

conditions.  The deformation of both materials, however, followed similar trends.  First, 

at 350°C and 400°C, the elongation to failure of both materials did not change 

significantly with strain-rate.  At 450°C, both materials saw a slight increase in 

elongation to failure with increasing strain-rate.  Also, both materials saw increasing 

elongation to failure with every increment of temperature.  The constant elongation to 

failure at 350°C and 400°C could be explained by the low strain-rate sensitivity seen in 

both materials at these temperatures.  Strain-rate sensitivity plays a primary role in 

reducing necking at elevated temperatures.  The strain-rate sensitivity enters the 

deformation equations as an exponent to the strain-rate and, therefore, should be better at 

retarding necking at higher strain-rates.  However, when the strain-rate sensitivities are 

very low, the material necking behaviour will remain relatively constant across different 

strain-rates.  At 450°C, the strain-rate sensitivity increased in value, which correlates well 

with the increased elongations to failure seen in both materials at this temperature.  The 

differences in the elongations to failure of both materials were likely a combination of 
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many factors, relating primarily to the stability of the FG microstructure and the 

variability of the T4P microstructure.  Through static ageing tests, the FG precipitate and 

grain structure was found to change very little with exposure to temperature, while the 

T4P material underwent extensive precipitation.  The result of this precipitation was a 

structure that impeded the glide and climb of dislocations, which led to flow stresses 

much greater than those seen in the FG material.  During deformation of the T4P 

material, necking would occur readily and continue until failure of the sample due to the 

low strain-rate sensitivity.  At the same time, the necked region would be exposed to 

elevated stresses; these elevated stresses acted upon the large precipitates (especially 

grain boundary precipitates) and dispersoids, causing cavities to form.  This local 

increase in void density weakened the material, causing a rapid progression of necking, 

and finally failure.  The FG material, which consisted of an overaged microstructure, did 

not undergo the same levels of stress that the T4P material did, and therefore, did not see 

the same amount of localized void formation which dramatically expedited necking, 

allowing the material to undergo higher strains to failure.  Additionally, the elongated 

shape of the precipitates in the T4P material make them more prone to create stress 

concentrations (at their tips), or fracture than the rounded precipitates found in the FG 

material.  In both materials, increasing the temperature resulted in decreased stresses 

which helped to minimize cavity formation, aiding in the increased elongations to failure 

seen with increasing temperatures. 

 

At 500°C and 550°C, both materials achieved similar elongations to failure.  This 

matched well with other similarities that the materials had at these temperatures:  similar 

flow stresses, similar levels of cavitation, similar activation energies and similar strain-

rate sensitivities.  These similarities were facilitated by a general homogenization of the 

microstructures.  Both materials showed increasing elongation to failure with increasing 

strain-rate and, with the exception of the lowest strain-rate, exhibited low levels of 

average cavitation as well as low levels of cavitation at the fracture tip.  This suggests 

that failure was primarily linked with necking at these conditions.  This matches well 

with the higher strain-rate sensitivities found at these temperatures.  At the lowest strain-

rate, the cavitation levels increased dramatically, and there was little evidence of necking 
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at the fracture tip.  There was a fair amount of variability in the elongation to failure 

between the two materials at this temperature, however, this is likely due to the highly 

unstable nature of the heavily cavitated microstructure.  If many more tests were 

conducted, the average results would likely become quite similar.   In conclusion, the 

increased ductility seen in the FG and T4P materials at 500°C and 550°C was a result 

primarily of increased strain-rate sensitivity which helped to reduce necking.  The low 

stresses caused by high dislocation mobility, dynamic recovery/recrystallization and the 

largely precipitate free microstructure helped prevent the formation of voids which would 

cause early failure of the material. 
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Chapter 7 Conclusions and Recommendations 

7.1 Conclusions 

The aim of this project was to characterize the microstructural evolution and 

mechanical properties at elevated temperatures, as well as room temperature, of a 

recently developed fine-grained AA6xxx aluminium alloy and compare it to a 

commercially-produced equivalent alloy in the pre-aged condition (T4P).  Understanding 

of the connection between the microstructure and the deformation behaviour was found 

through comparison of these two materials.  This goal was accomplished through 

conducting optical and scanning electron microscopy, room temperature and high 

temperature tensile tests (between 350°C and 550°C), stress relaxation tests, and fracture 

analysis.  The important conclusions from this study are as follows: 

 Exposure of the T4P material to high temperatures without deformation (below 

500°C) resulted in significant evolution of precipitates, including extensive grain 

boundary precipitation.  Grain size did not change during high temperature 

exposures as an equilibrium grain size had likely been established during prior 

solutionizing treatments. 

 The precipitate structure of the FG material did not change as significantly with 

exposure to high temperatures, although there was some coarsening of the 

existing precipitates at the higher temperatures.  The grain size of the FG material 

did not increase significantly until the temperature was raised above 450°C likely 

due to the pinning effect of precipitates and the low driving force for grain growth 

caused by a low scatter of grain sizes. 

 At room temperature, the FG material achieved larger elongations to failure than 

the T4P material, but also deformed at a much lower yield stress than the T4P 

material.  In both materials, failure was caused by necking followed by void 

sheeting leading to the ductile shear failure mechanism; shear was more 

pronounced in the T4P material.  The lower deformation stress of the FG material, 

aided by less work hardening, led to increased ductility by delaying void 

formation. 
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 The FG material exhibited significantly larger elongations to failure than the T4P 

material during deformation in the temperature range of 350°C to 450°C.  Both 

materials exhibited similar elongations to failure at 500°C and 550°C. 

 The poor elongation of the T4P material at the lower temperatures was 

determined to be the result of significant precipitation at these temperatures and 

coarsening of elongated-shaped precipitates, resulting in high deformation 

stresses, causing localized void formation during necking.  The effect was most 

pronounced at high strain-rates, as the precipitates had less time to overage at 

those conditions. 

 At 500°C and 550°C, the strain-rate sensitivity and activation energy for 

deformation of both materials suggested deformation by dislocation climb 

accommodated by self diffusion of aluminium. 

 For the FG material at lower temperatures, the strain-rate sensitivity and 

activation energy decrease.  This was due to the transition from climb controlled 

creep to power law breakdown.  The diffusion compensated strain-rate at the 

onset of this change matched well with that reported for power law breakdown in 

pure aluminium. 

 For the T4P material at lower temperatures, the strain-rate sensitivity decreased 

more rapidly than the FG material, but the activation energy significantly 

increased.  It was determined that this was caused by a threshold stress induced by 

the precipitates on the dislocations, similar to other reports of particle hardened 

materials. 

 Load relaxation tests found excellent agreement with the constitutive equation for 

grain matrix deformation at the lower temperatures (350°C-450°C).  The 

parameters also matched well with those reported for other aluminium alloys.  At 

the highest temperatures, the data did not fit either the equation for grain matrix 

deformation, nor grain boundary sliding, well. 

 Examination of the grain structure after deformation revealed that at lower 

temperatures (<450°C), the grains primarily changed shape by elongating in the 

tensile direction.  The amount of grain-elongation was primarily related the 

amount of strain the sample underwent. 
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 At 500°C and 550°C, equiaxed, small grains were formed within the large 

elongated grains.  These grains were the result of the evolution of the dislocation 

cell structure formed during deformation from low angle boundaries to high angle 

boundaries. 

 Cavitation was found to be very high in both materials at the lowest strain-rate 

and highest temperatures, but quickly decreased to very low levels with increasing 

strain-rates. 

 Cavitation at high temperatures and low strain-rates was due to diffusion of 

vacancies, primarily along grain boundaries, to high energy locations to form 

small voids, followed by plastic growth of those voids to larger sizes. 

 At higher stress conditions, cavitation was due to decohesion of large particles 

from the matrix followed by stringer formation to other nearby particles aligned 

with the tensile direction, and primarily along grain boundaries due to increased 

populations of large particles and the increased diffusion mechanics along these 

boundaries. 

 The deformation behaviour of the T4P and FG materials were found to be highly 

dependent on the initial microstructure, particularly the precipitation state.  When 

fine, elongated-shaped precipitates were formed during deformation (i.e. T4P at 

350°C and 400°C), the ductility was much lower than the material that had 

rounded and finely distributed overaged precipitates.  Strengthening precipitates 

also increased the deformation stress which promoted the formation of cavities. 

 Strain-rate sensitivity played a primary role in determining the ductility of both 

materials.  When strain-rate sensitivity was high, the ductility was also high.  This 

behaviour was related primarily to the retardation of necking due to the hardening 

effect of strain-rate sensitivity, allowing higher elongations to failure. 

 Several observations, such as cavitation morphology, stress-strain profile and 

necking behaviour pointed to the possibility of grain boundary sliding in both 

materials at 550°C and a strain-rate of 5.0x10
-4

s
-1

. 

 The effect of a finer grain-size on deformation at elevated temperatures was 

primarily related to enhanced diffusion through grain boundaries, and also may 



175 

have aided in allowing grain-boundary sliding during deformation at the highest 

temperatures and lowest strain-rates. 

 The precipitation characteristics of the materials were suggested to be the primary 

cause of differences in the behaviour of the two materials; when precipitates were 

present, they behaved differently, and when precipitates dissolved at high 

temperatures, the materials with similar reduced grain-sizes behaved similarly. 

7.2 Recommendations 

The following are recommendations for future work involving high temperature 

deformation of the FG material and comparison with the T4P material. 

 Expand the range of strain-rates tested to lower values to investigate the 

possibility of grain boundary sliding further.  Also, higher strain-rate values can 

be tested to determine if the ductility remains constant or decreases with very high 

strain-rates. 

 Conduct strain-rate change tests to determine strain-rate sensitivity at individual 

strain-rates and allow more accurate identification of changes in the deformation 

mechanism. 

 Repeat the load relaxation tests on a system with a higher rate of data acquisition 

and a more sensitive load cell, preferably a servo-mechanical system to eliminate 

small fluctuations caused by the hydraulic system.  Additionally, an enhanced 

specimen holder should be created to hold the sample more securely and eliminate 

any possible effects from outside of the reduced area of the specimen. 

 Evaluate possible solutionizing and ageing treatments to strengthen the FG 

material after deformation. 
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Appendix 
 

Tensile Test Data 

T4P Tensile Test Data (Note that C or MT8131 refers to the T4P material) 

Sample 
T 

(°C) 
Strain 

Rate (s
-1

) 
Engineering 
Strain (%) 

Max 
Flow 

Stress 
(MPa) Stress@3.3% Stress@6.6% 

MT8131-350-
LXHS 350 5.00E-04 

33.58 
60.8 59.78 56.46 

C-350-LXHS-1 350 5.00E-04 
30.81 

64.81 62.49 56.45 

MT8131-350-
HXHS 350 2.00E-03 

29.96 
69.24 68.78 67.87 

C-350-HXHS-1 350 2.00E-03 
33.62 

72.79 72.35 69.14 

C-350-UHXHS-
1 350 2.00E-02 

33.18 
71.48 70.77 70.03 

C-350-0.03-1 350 3.00E-02 
29.16 

80.96 80.47 80.26 

C-350-0.03-2 350 3.00E-02 
35.41 

83.1 82.52 82.11 

C-350-0.1-1 350 6.70E-02 
35.10 

78.41 77.91 77.87 

C-350-0.1-3 350 6.70E-02 
32.53 

91.22 90.46 90.56 

C-350-1-1 350 6.70E-01 
25.31 

93.03 91.11 92.77 

C-350-1-2 350 6.70E-01 
26.35 

92.42 89.81 91.48 

C-350-1-3 350 6.70E-01 
29.13 

101.24 98.56 100.47 

MT8131-400-
LXHS 400 5.00E-04 

49.85 
33.37 32.68 30.38 

C-400-LXHS-1 400 5.00E-04 
56.06 

36.04 34.19 30.33 

MT8131-400-
HXHS 400 2.00E-03 

55.73 
38.06 37.84 36.5 

C-400-HXHS-1 400 2.00E-03 
47.68 

44.6 43.83 40.9 

C-400-UHXHS-
1 400 2.00E-02 

48.62 
38.94 38.84 38.04 

C-400-0.03-1 400 3.00E-02 
38.45 

58.78 58.42 58.23 

C-400-0.03-2 400 3.00E-02 
46.00 

64.58 64.15 64 

C-400-0.1-1 400 6.70E-02 
55.84 

45.57 44.84 45.26 

C-400-0.1-3 400 6.70E-02 
37.43 

76.34 75.12 75.83 

C-400-1-1 400 6.70E-01 
45.75 

61.6 59.51 60.64 

C-400-1-3 400 6.70E-01 
40.12 

85.51 83.03 85.15 

MT8131-450-
LXHS-1 450 5.00E-04 

96.59 
14.92 14.29 13.6 

MT8131-450- 450 5.00E-04 
88.42 

14.71 14.27 13.53 
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LXHS-2 

MT8131-450-
HXHS 450 2.00E-03 

97.34 
17.29 17.03 16.37 

C-450-HXHS-1 450 2.00E-03 
102.31 

20.13 19.72 18.37 

C-450-UHXHS-
1 450 2.00E-02 

87.70 
19.19 18.97 18.37 

C-450-0.03-5 450 3.00E-02 
78.58 

22.84 22.69 22.43 

C-450-0.1-1 450 6.70E-02 
86.69 

23.61 23.59 23.52 

C-450-0.1-3 450 6.70E-02 
113.75 

30.13 29.58 29.92 

C-450-1-1 450 6.70E-01 
134.71 

34.3 32.66 33.61 

C-450-1-3 450 6.70E-01 
115.12 

38.72 37.2 38.51 

MT8131-500-
LXHS 500 5.00E-04 

111.56 
7.92 7.69 7.71 

C-500-LXHS-4 500 5.00E-04 
109.44 

8.22 7.43 7.25 

MT8131-500-
HXHS-1 500 2.00E-03 

135.90 
10.23 9.48 9.28 

MT8131-500-
HXHS-2 500 2.00E-03 

146.98 
10.44 9.91 9.76 

C-500-UHXHS-
1 500 2.00E-02 

179.97 
11.8 11.35 11.44 

MT8192-500-
Com-1 500 3.00E-02 

178.09 
13.65 13.49 12.46 

MT8192-500-
Com-2 500 3.00E-02 

164.47 
14.19 14.01 13.11 

MT8192-500-
Com-3 500 3.00E-02 

183.88 
14.41 14.27 13.12 

MT8192-500-
Com-4 500 3.00E-02 

173.13 
13.84 13.79 12.84 

MT8192-500-
Com-5 500 3.00E-02 

202.78 
14.26 13.89 12.92 

MT8192-500-
Com-6 500 3.00E-02 

198.07 
14.26 14.18 13.08 

MT8192-500-
Com-7 500 3.00E-02 

169.64 
14.19 13.84 12.76 

MT8192-500-
Com-8 500 3.00E-02 

181.70 
14.39 14.18 13.16 

C-500-0.1-1 500 6.70E-02 
186.68 

16.48 16.39 16.32 

C-500-0.1-3 500 6.70E-02 
194.75 

16.89 16.58 16.53 

C-500-1-1 500 6.70E-01 
211.57 

26.12 25.36 25.88 

C-500-1-3 500 6.70E-01 
194.42 

25.72 24.81 24.89 

MT8131-550-
LXHS 550 5.00E-04 

110.15 
6.13 5.84 5.56 

C-550-LXHS-4 550 5.00E-04 
164.24 

4.75 4.52 4.39 

MT8131-550-
HXHS 550 2.00E-03 

87.54 
7.68 7.17 7.01 

C-550-HXHS-2 550 2.00E-03 
172.04 

6.21 5.85 5.74 

C-550-HXHS-4 550 2.00E-03 
135.33 

6.61 6.43 6.16 
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C-550-0.1-3 
(5mm min) 550 6.56E-03 

169.60 
9.57 9.5 9.06 

MT8192-550-
Com-1 550 3.00E-02 

192.21 
10.35 10.29 9.49 

MT8192-550-
Com-2 550 3.00E-02 

195.51 
10.47 10.36 9.5 

MT8192-550-
Com-3 550 3.00E-02 

188.06 
10.2 10.17 9.44 

MT8192-550-
Com-4 550 3.00E-02 

218.31 
10.38 9.8 9.89 

MT8192-550-
Com-5 550 3.00E-02 

181.39 
10.9 10.74 9.86 

MT8192-550-
Com-6 550 3.00E-02 

196.50 
11.41 11.19 10.33 

MT8192-550-
Com-7 550 3.00E-02 

183.13 
10.49 10.43 9.63 

MT8192-550-
Com-8 550 3.00E-02 

182.34 
11.02 10.77 9.73 

C-550-0.1-1 550 6.70E-02 
190.94 

12.07 11.95 11.71 

C-550-0.1-4 550 6.70E-02 
201.67 

14.94 14.64 14.48 

C-550-1-1 550 6.70E-01 
216.82 

21.11 19.87 20.66 

C-550-1-3 550 6.70E-01 
223.28 

22.31 21.79 21.92 

 

FG Tensile Test Data (Note that MT8145 refers to the FG material) 

Sample 
T 

(°C) 
Strain 

Rate (s
-1

) 
Engineering 
Strain (%) 

Max 
Flow 

Stress 
(MPa) Stress@3.3% Stress@6.6% 

MT8145-350-
LXHS-1 350 5.00E-04 133.248 18.55 17.8 18.46 

MT8145-350-
LXHS-2 350 5.00E-04 126.486 18.58 18.080 18.25 

MT8145-350-
HXHS-1 350 2.00E-03 112.884 22.01 21.580 21.65 

MT8145-350-
HXHS-3 350 2.00E-03 112.704 22.49 21.780 22.33 

FG-350-UHXHS-
2 350 1.00E-02 105.177 23.53 22.29 22.08 

FG-350-UHXHS-
1 350 1.00E-02 79.429 25.11 23.03 24.38 

F-350-UHXHS-2 350 1.00E-02 129.469 23.740 23.040 23.380 

F-350-UHXHS-1 350 1.00E-02 97.329 24.22 23.250 23.94 

F-350-0.03-1 350 2.00E-02 120.906 27.83 26.470 27.12 

F-350-0.03-2 350 2.00E-02 120.177 28.55 27.350 27.81 

F-350-0.1-1 350 6.70E-02 105.118 30.47 28.000 29.46 

F-350-0.1-2 350 6.70E-02 102.697 31.35 28.84 30.39 

F-350-0.1-3 350 6.70E-02 126.732 31.51 29.550 30.56 

F-350-1-1 350 6.70E-01 119.581 40.58 33.73 37.43 

F-350-1-3 350 6.70E-01 129.291 41.6 36.18 39.06 
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MT8145-400-
LXHS-1 400 5.00E-04 128.592 13.92 13.62 13.77 

MT8145-400-
LXHSa 400 5.00E-04 128.431 13.96 13.720 13.68 

MT8145-400-
HXHS-1 400 2.00E-03 130.833 16.66 16.3 16.29 

MT8145-400-
HXHS-2 400 2.00E-03 141.621 16.74 16.620 16.33 

F-400-UHXHS-2 400 1.00E-02 129.278 20.65 19.87 20.29 

F-400-UHXHS-1 400 1.00E-02 108.269 20.87 20.3 19.75 

F-400-0.03-1 400 2.00E-02 127.395 23.47 22.56 23.12 

F-400-0.03-2 400 2.00E-02 111.188 23.63 22.48 23.22 

F-400-0.1-1 400 6.70E-02 143.294 25.67 24.64 25.34 

F-400-0.1-3 400 6.70E-02 109.836 27.35 25.88 26.69 

F-400-0.1-4 400 6.70E-02 108.990 27.46 25.57 26.73 

F-400-1-1 400 6.70E-01 134.762 34.09 30.094 32.66 

F-400-1-4 400 6.70E-01 139.364 34.95 31.81 33.54 

MT8145-450-
LXHS-1 450 5.00E-04 138.305 10.05 9.66 9.79 

MT8145-450-
LXHS-2 450 5.00E-04 146.973 10.23 9.900 9.69 

MT8145-450-
HXHS-1 450 2.00E-03 151.414 12.72 12.41 12.35 

MT8145-450-
HXHS-2 450 2.00E-03 143.781 12.1 11.940 11.88 

F-450-UHXHS-2 450 1.00E-02 189.869 14.78 14.13 14.07 

F-450-UHXHS-1 450 1.00E-02 161.142 16.18 15.29 15.12 

F-450-0.03-4 450 2.00E-02 125.394 17.75 17.43 17.59 

F-450-0.03-5 450 2.00E-02 165.092 17.71 17.23 17.54 

F-450-0.1-1 450 6.70E-02 167.789 20.59 20.05 20.29 

F-450-0.1-4 450 6.70E-02 163.386 20.67 19.7 20.41 

F-450-1-1 450 6.70E-01 172.165 28.05 26.51 27.97 

F-450-1-4 450 6.70E-01 174.383 29.54 26.44 28.29 

MT8145-500-
LXHS-1 500 5.00E-04 151.219 6.84 6.21 6.5 

MT8145-500-
LXHS-2 500 5.00E-04 163.778 6.58 6.240 6.3 

MT8145-500-
HXHS-1 500 2.00E-03 173.294 9.31 9.11 8.92 

MT8145-500-
HXHS-2 500 2.00E-03 173.326 8.82 8.190 8.56 

F-500-UHXHS-2 500 1.00E-02 174.213 12.41 12.04 12 

F-500-UHXHS-1 500 1.00E-02 186.155 13.5 13.040 12.86 

MT8192-500-FG 500 2.00E-02 248.141 12.72 12.700 12.12 

F-500-0.03-4 500 2.00E-02 169.495 13.74 13.850 13.35 

F-500-0.03-5 500 2.00E-02 155.026 13.89 13.710 13.73 

F-500-0.1-1 500 6.70E-02 200.525 17.64 17.22 17.06 

F-500-0.1-4 500 6.70E-02 178.379 16.75 15.47 16.38 

F-500-1-1 500 6.70E-01 179.593 24.41 23.75 24.05 

F-500-1-2 500 6.70E-01 196.260 24.79 23.87 24.18 

F-500-1-4 500 6.70E-01 200.105 24.1 22.72 22.93 

MT8145-550-
LXHS-1 550 5.00E-04 150.843 5.27 4.8 4.84 
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MT8145-550-
LXHS-4 550 5.00E-04 165.429 4.9 4.86 4.61 

MT8145-550-
LXHS-5 550 5.00E-04 178.812 5.14 4.950 4.85 

MT8145-550-
HXHS 550 2.00E-03 139.304 6.34 6.2 6.32 

MT8145-550-
HXHS-1 550 2.00E-03 169.226 7.01 6.52 6.41 

MT8145-550-
HXHS-2 550 2.00E-03 140.433 6.58 6.410 6.39 

MT8192-550-FG-
1 550 2.00E-02 191.673 10.23 10.1 9.25 

MT8192-550-FG-
2 550 2.00E-02 244.262 10.13 10.060 9.39 

F-550-0.1-1 550 6.70E-02 221.343 14.2 13.48 13.17 

F-550-0.1-4 550 6.70E-02 196.437 12.22 11.88 11.88 

F-550-1-1 550 6.70E-01 229.543 20.76 19.61 19.44 

F-550-1-4 550 6.70E-01 204.278 19.37 18.16 18.42 

F-550-1-5 550 6.70E-01 196.437 18.62 17.89 18.08 

 


