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Abstract 

         

In order to determine storage life for aluminum alloys it is essential to have a good knowledge 

on the accelerated aging behavior and the mechanical properties that are affected. The 

selected aluminum alloys are AA2017, AA6082, AA7075 and the study has been focused on 

their impact toughness and hardness relation to aging beyond peak conditions.  

 

         To be able to plot the mechanical properties versus aging time and temperature, 

Differential Scanning Calorimetric runs have been the key to obtain supporting activation 

energies for a specific transformation. The activation energies have been calculated according 

to the Kissinger method, plotted in Matlab. Arrhenius correlation has also been applied to 

predict the natural aging time for long time storage in 30 degrees Celsius.  

  

         It could be concluded that the results from the mechanical test series show that the 

constructed Arrhenius 3D method did not meet the expectations to extrapolate constant 

activation energies down to storage life condition. Scanning electron microscopy together 

with light optical microscopy analyses show how important it is to apply notches in proper 

test specimen directions and how precipitates are grown, as it will affect impact toughness and 

hardness. 

          

         An ending discussion is held to explain how mechanical testing progressed and how 

other external issues affected the master thesis operations.     



3 

 

Preface 

 

The work presented in this Master thesis was completed in collaboration with Life Time 

Engineering AB, Karlstad. The mechanical testing procedure has been arranged at Karlstads 

Universitet. I would like to express my appreciation to Life Time Engineering and especially 

to Lars-Erik Pettersson for the opportunity of making this investigation possible. Other thanks 

are directed to the Faculty of Technology and Science, the department of Mechanical and 

Materials Engineering at Karlstad Universitet for guidance. 



4 

 

Table of Contents 

Abstract ............................................................................................................................................... 2 

Preface ................................................................................................................................................. 3 

Background ...................................................................................................................................... 7 

LifeTime Engineering AB .................................................................................................................. 7 

Aim................................................................................................................................................... 7 

Pre-study ......................................................................................................................................... 7 

Literature survey .............................................................................................................................. 8 

Characterization of aluminum alloys ........................................................................................... 8 

The family group of aluminum alloys ......................................................................................... 8 

Materials and age hardening influence ........................................................................................... 9 

Age hardening ............................................................................................................................. 9 

Precipitation processes ............................................................................................................. 10 

Aging and dislocation particle interactions ................................................................................... 11 

Major alloy systems ........................................................................................................................... 16 

Heat treatable alloys ................................................................................................................. 16 

Non-heat treatable alloys .............................................................................................................. 16 

Cast alloys .................................................................................................................................. 20 

Element effects of physical properties ...................................................................................... 21 

Toughness ...................................................................................................................................... 22 

Fatigue ........................................................................................................................................... 22 

Commonly used elements and specific properties ................................................................... 23 

Mechanical properties ............................................................................................................... 25 

Theory of kinetic analysis .............................................................................................................. 25 

Arrhenius relationship ............................................................................................................... 25 

DSC................................................................................................................................................. 26 

Kissinger method ........................................................................................................................... 26 

Selected alloys ............................................................................................................................... 27 



5 

 

State of art ......................................................................................................................................... 29 

Method .......................................................................................................................................... 39 

DSC............................................................................................................................................. 39 

Impact test ................................................................................................................................. 39 

SEM ............................................................................................................................................ 40 

Hardness .................................................................................................................................... 40 

OM ............................................................................................................................................. 40 

Matlab ....................................................................................................................................... 40 

Supplier of material ................................................................................................................... 40 

Results ........................................................................................................................................... 41 

Discussion .......................................................................................................................................... 51 

Microstructure ........................................................................................................................... 59 

Conclusion ......................................................................................................................................... 61 

References ......................................................................................................................................... 62 

  Appendix I……………………………………………………………………………………………………………………………………..63      

  Appendix II…………………………………………………………………………………………………………………………………….68  

 



6 

 

Introduction 
 

Description 

A literature review is carried out to collect the information available on the aging such as heat 

treatment of aluminum and aluminum alloys. It is of interest to find and to use methods for 

determining the activation energy of specific transition of the relevant material. The literature 

study is also done to characterize aluminum alloys in general. 

In the experimental work, investigations are done on three aluminum alloys that are consisting 

parts in a larger system requiring high strength and high fracture toughness. Comparisons are 

made between untreated entities and entities that are subjected to accelerated aging at elevated 

temperatures. Parameters for the accelerated aging are carried out experimentally. They will 

be adjusted so that, if possible, no other types of changes in the material occur, than those 

who occur under normal conditions. 

 

The subsequent investigation consists of several following steps. Impact tests were carried out 

to compare the fracture energy of selected aluminum alloys before and after aging processes. 

Isothermal DSC tests at different temperatures using the Kissinger method at different heating 

rates were done to get the activation energy at certain phase transition. Scanning Electron 

Microscope (SEM) was used to investigate the crack formation of the specimens after 

fracture. Hardness measurements before and after heat treatment were done to obtain the 

changes in hardness. Analysis of the microstructure were made to see if any particles have 

diffused in the material or how the grow during heat treatment. Energy Dispersive 

Spectrometer is used to determine the chemical composition of the selected components. 

 

Expected results 

The outcome of this master thesis is supposed to be a result of experimental and theoretical 

work that satisfies the set of life cycle analysis of the chosen components. It is expected that 

the system that includes the components could increase the storage life until usage. The 

experimental work that is properties like grain size, microstructure, fracture toughness and 

hardness, should show where the critical storage time is in a natural aging point of view.    
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Fig.1 represents a membrane (a), a slide 

(b) and a cover badge (c) that operates in a 

fuzing system.  

Background 

Determination of the storage life for components such as aluminum alloys. The aluminum 

alloys work as parts in a system that in use are exposed to severe mechanical operation 

stresses. This system/product could be or is stored for a long time, until usage, in extreme 

environmental conditions. It is known that the storage time in some way affects the properties 

of the components and it will naturally age already age hardened alloys. Age hardening or 

precipitation hardening is produced by phase transformations making uniform dispersion of 

coherent precipitates in a softer matrix. 

LifeTime Engineering AB 

The company Life Time Engineering is situated in Karlstad, Zakrisdal and was established in 

2006. The main product areas are ammunition surveillance and life extensions. These offered 

product areas are performed with validation and verification and failure investigations. Other 

operation modes are consultancy, manufacturing and development of new products
[1]

.   

Aim 

The aim of the thesis is to determine the possible storage time for components consisting of 

different aluminum alloys before use in systems or subsystems that are exposed to severe 

mechanical operation stresses. 

 

Pre-study 

To determine what grades of aluminum alloys that were used in the chosen components, 

SEM, EDS analysis (Energy Dispersive Spectroscopy) was used together with hardness 

measures. The specific components are shown in Fig.1
[2]

 (a-c) with alloys consisting of 

aluminum-copper, aluminum-zink and pure aluminum respectively.     
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Literature survey  

Characterization of aluminum alloys 

Aluminum alloys are used in many structural and automotive applications. The alloys are 

divided into different series and grades depending on what chemical composition the alloys 

have. According to ASTM the series are; 1XXX, 2XXX, 3XXX, 4XXX, 5XXX, 6XXX, 

7XXX. The 1XXX and 3XXX alloys could be applied for thin gauge, heat exchanger type 

applications, 4XXX series alloys for castings, 6XXX alloys for extruded and hydro formed 

sections, and 5XXX and 6XXX series alloys for sheet applications, such as inner structural 

parts and outer skins. While for many of these applications conventional Al alloys are used, 

the requirements for sheet are often quite demanding in terms of strength and formability, and 

this has led to special alloys being developed
[3]

.  

 

The family group of aluminum alloys     

Al alloys are used in many automotive applications and they are arranged into subgroups of 

heat treatable wrought alloys, (heat treatable cast alloys), non-heat treatable wrought alloys 

and (non-heattreatable cast) alloys. The wrought groups have the following settled series 

according to ―Smithells Metals Reference Book‖
[11]; 

 

Non-heat treatable wrought alloys 

1000 series: (99% Al) 

3000 series: (Al + 0.3 to 1.5% Mn + Cu, Mg, Si and Fe) 

4000 series: (Al + Cu, Ti,  

5000 series: (Al + 0.5 to 5.5% Mg + Mn, Si, Fe and Zn) 

8000 series: (Al + Sn, Ni, Si, Fe) 

 

Heat treatable wrought alloys 

2000 series: (Al + 2 to 6% Cu + Fe, Mn, Zn, Zr) 

4000 series: (Al +Si, Mg) 

6000 series: (Al + up to 1.2%Mg + 0.25% Zn + Si, Fe and Mn) 

7000 series: (Al + 4 to 9 % Zn + 1 to 3% Mg + Si, Fe, Cu) 
[3]
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Materials and age hardening influence 

Age hardening 

Age hardening or precipitation hardening is produced by phase transformations making 

uniform dispersion of coherent precipitates in a softer matrix. Aging at for example 100°C – 

260°C is called artificial aging because the alloy is heated to produce precipitation. Using 

lower aging temperature provides the properties to be more uniform. When heat treated alloys 

are aged at room temperature it is called natural aging. The rate and amount of natural aging 

(hardening) varies from one alloy to another. Properties of the alloys are depending on the 

aging temperature and aging time. Typically the hardness and strength of the alloy increases 

initially with time and particle size until it reaches the peak where maximum strength is 

obtained. Further aging will decrease the strength and hardness (so called over aging). All 

possible heat treatments that could be of interest when producing an alloy is tabulated in 

Table.1
[4]

. 

 

After solution treatment of an Al-4% Cu alloy (2xxx-series), the alloy which contains alpha 

(α) in the structure is quenched from 500-548 (C°). Precipitates of theta (Θ) does not form 

because atoms have not got the time to diffuse. The α- solution is supersaturated. When the 

third step is to age the alloy below solvus temperature the extra copper atoms diffuse short 

distances and hopefully the equilibrium α + Θ structure is produced. This is not always the 

procedure and the stable theta phase is strongly dependant on time and temperature. When it 

is noneqilibrium, small precipitates called Guinier-Preston (GP) zones are produced
[5]

.  

 

 

 

 

 

 

 

 

 

 

 

 Fig.2 shows the scheme and structure of GP zones 

until stable incoherent Θ zone. 
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The aging process will produce GP-1 zone and further on GP-2 zone. As the precipitates grow 

they reach a certain point where Θ´ is produced and all these 3 zones are coherent. The last 

precipitate zone to form is theta and is incoherent and it is also at this stage where strength 

decreases when increasing aging time, overaging. These different zones are strongly 

dependant on time and temperature and differ from alloy to alloy and from heat treatment to 

heat treatment, Fig 2 
[5]

 shows the scheme and structure forming the stable state.  

 

Precipitation processes 

Natural aging has been considered to occur in heat treatable aluminum alloys together with 

GP-zone formation and artificial aging in occurrence with incoherent precipitation. It is 

though hard to point out the structural changes in aging processes. To get an overview how 

different decomposition and precipitation procedures happen in sequences, the behavior of a 

4% Cu aluminum alloy is presented in detail in Fig 3
[6]

. There are five obvious stages of 

structural changes during heat treatments. The first stage is representing structure before 

solution heat treatment. In stage II in this case precipitated copper atoms are dissolved at 

500°C and possible cold work or precipitation hardening are withdrawn. 

 

After quenching the material to room temperature, stage III represents the natural aging 

sequence. In this stage copper-loaded coherent precipitation GP-1 zones are formed. The GP-

1 zones, which are small, do not grow any further with subsequent artificial aging but are, 

instead, reversed into solution for a short while at 150-200 °C. That step, where the hardness 

also is momentary decreased, is presented as stage IVa. Stage IVb shows the artificial aging at 

150°C which makes it possible to form GP-2 zones. Further aging at elevated temperature will 

result in formation of metastable phase Θ´ which existing of CuAl2 as the equilibrium phase. 

The curve from the graph shows that maximum hardness is achieved when GP-2 zones are 

formed and when mixtures of GP-2 and Θ´ occur. Overaging takes place when there are only 

Θ´ precipitates in the structure and hence hardness, strength and elongation decreases 

dramatically. Further aging at temperatures between 170-300 °C will form coarse CuAl2 

precipitates that causes the aluminum alloy to be soft and therefore increases in toughness
[6]

.         
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Aging and dislocation particle interactions 

Barriers that hinder motion of dislocations in age-hardenable alloys are the described GP 

zones, internal strains around precipitates and precipitated particles. It has been shown by 

transmission electron microscopy, that the highest hardening achieved is when the distance 

between the precipitated particles are the same as the limited radius of the curve from the 

dislocations. The strength of an alloy is varied with aging temperature and will be increased 

over time which also means with increasing particle size. The reason why this phenomenon 

occurs is because of dislocation-particle interactions that are dependent on the dislocation 

movement. Dislocations are either cut through the precipitate particles (see Fig.4
[5]

) or they 

are forced to loop around them
[7]

.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 represents a scheme over the age hardening behaviour of 

an Al-4% copper alloy. 

Fig.4 shows a movement of a 

dislocation cutting through a 

particle. 
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The precipitated particles are bypassed or looped by moving dislocations if the particles are 

large and widely spaced, that means that the misfit strain is large. This looping process is 

presented in Fig.5
[5]

 where the bypass of the dislocations is forced around the particles. This 

will result in good ability to be hardened as the plastic deformation is seemed to be arborized 

more homogenously, but the values of yield strength are low. It is precisely the procedure that 

occurs in age-hardening curves when the dip where strength is decreasing with further aging 

time. It is related to the transition from cutting the precipitated particles to looping, see Fig.6. 

Where the curves (A and B in Fig.6
[5]

) intersect, highest possible strength is achieved for a 

certain alloy. It is possible that precipitated particles refuses dislocations to cut through them 

but is still too narrow in space to let the dislocations be bypassed. If this incident occurs, 

dislocations are only able to move if sections can be bypassed under or above particles which 

is called cross-slip. This will, in that case, render in high levels of strengthening and work 

hardening. There are also cases when shearing and looping happen at the same time.                    

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 shows a dislocation looping around 

widely spaced precipitates. 

Fig.6 shows the relation between strength 

and size of precipitates for age hardening 

alloys in general. Curve (A) represents 

particles sheared by dislocations and (B) 

particles bypassed by dislocations.  
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Table 1 shows the heat treatment designations of heat treatable alloys 

O  Annealed, recrystallized (wrought products only). Applies to wrought alloys which are 

annealed to obtain the softest temper, and to cast alloys which are annealed to improve 

ductility and dimensional stability.  

  

T  Thermally treated to produce stable tempers other than F, O or H. Applies to products 

which are thermally treated, with or without additional strain-hardening, to produce 

stable tempers.  

  

T1  Naturally aged to a substantially stable condition. Applies to alloys which are not cold 

worked after cooling from a high temperature shaping process, or in which the effect of 

cold working in flattening or straightening may not be significant in mechanical 

property limits.  

  

T2  Annealed (cast products only). Applies to alloys which are cold worked to improve 

strength after cooling from an elevated temperature shaping process, or in which the 

effect of cold work in flattening or straightening is significant in mechanical property 

limits.  

  

T3  Solution heat-treated and then cold worked. Applies to alloys which are cold worked to 

improve strength after solution heat treatment, or in which the effect of cold work in 

flattening or straightening is significant in mechanical property limits.  

  

T4  Solution heat-treated and naturally aged to a substantially stable condition. Applies to 

alloys which are not cold worked after solution heat treatment, or in which the effect of 

cold work in flattening or straightening may not be significant in mechanical property 

limits. T42 indicates material is solution heat treated from the O or F temper to 

demonstrate response to heat-treatment, and naturally aged to a substantially stable 

condition.  
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T5  Artificially aged only. Applies to alloys which are not cold worked after cooling from 

an elevated temperature shaping process, or in which the effect of cold work in 

flattening or straightening may not be significant in mechanical property limits.  

  

T51  Stress relieved by stretching. Applies to the following products when stretched the 

indicated amounts after solution heat-treatment or cooled from a high temperature 

shaping process: Plate—1.5-3% permanent set; Rod, bar, shapes, and extruded tubes—

1-3% permanent set; Drawn tubes— 1.5-3% permanent set. Applies directly to plate, 

and rolled or cold finished rod and bar which receive no further straightening after 

stretching. Applies to extruded rod, bar, shapes, tubing, and to drawn tubing when 

designated as follows: T510 Products that receive no further straight ending after 

stretching; T511 Products that may receive minor straightening after stretching to 

comply with standard tolerances.  

  

T52  Stress-relieved by compressing. Applies to alloys which are stress-relieved by 

compressing after solution heat-treatment, or cooled from a high temperature shaping 

process to produce a permanent set of 1 to 5%.  

  

T54  Stress-relieved by combined stretching and compressing. Applicable to die forging 

which are stress-relieved by restring cold in the finish die.  

  

T6  Solution heat-treated and then artificially aged. Applies to alloys which are not cold 

worked after solution heat-treatment, or in which the effect of cold work in flattening or 

straightening may not be significant in mechanical property limits. T62 indicates 

material is solution heat-treated from the O or F temper to demonstrate response to 

heat-treatment, and artificially aged.  

  

T7  Solution heat-treated and then stabilized. Applies to products which are stabilized after 



15 

 

solution heat-treatment to carry them beyond the point of maximum strength to provide 

control of some special property.  

  

T8  Solution heat-treated, cold worked, and then artificially aged. Applies to products 

which are cold worked to improve strength, or in which the effect of cold work in 

flattening or straightening is significant in mechanical property limits.  

  

T9  Solution heat-treated, artificially aged, and then cold worked. Applies to alloys which 

are cold worked to improve strength.  

  

T10  Artificially aged and then cold worked. Applies to products which are cold worked to 

improve strength, or in which the effect of cold work in flattening or straightening is 

significant in mechanical property limits.  

  

T42  (Wrought products only). Applicable to products solution heat-treated and naturally 

aged which have mechanical properties different from those of the T4 temper.  

  

T62  (Wrought products only). Applicable to products solution heat-treated and artificially 

aged which have mechanical properties different from those of the T6 temper.  

  

W  Solution heat treated. An unstable temper applied only to alloys which spontaneously 

age at room temperature after solution heat-treatment.  
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Major alloy systems  

Heat treatable alloys 

There are about 100 possible alloying elements and the purpose is to improve the properties of 

selected alloy. The main advantage by adding elements is to increase the strength and it is 

often done by work-hardening alloys (dispersed alloying elements with applied cold work) 

and precipitation hardening (dissolved elements precipitated as coherent particles).  

The most common way is to divide main properties that changes into: Physical properties & 

Mechanical properties and Processing. 

 

Non-heat treatable alloys 

Almost all (95%) the aluminum flat rolled products are made from grades with high purity 

aluminum, manganese and magnesium as main addition. The largest usages of non-heat 

treatable alloys are applications such as packaging, transportation and construction of 

buildings. There are also three main principles to follow when selecting and developing non-

heat treatable products: 

Structural – based on strength and durability  

Formability – based on complexity and productivity in making the final part 

Surface quality – based on finishing characteristics and reflectivity  

 

Tensile properties vary a lot for non heat treatable alloys and the 1xxx, 3xxx and 5xxx-series 

make it possible to obtain yield strengths between 20 and 500 MPa. The strength is achieved 

by strain hardening, e.g. cold-work. Strength is also developed in association with dispersion 

hardening and/or solid solution hardening.      

 

1xxx Series   

Aluminum (Al99,99%) is a soft and low-strength material in general. The 1xxx series of 

aluminum alloys are also characterized by superb corrosion resistance, superb workability, 

high thermal and electrical conductivities but low mechanical properties. With these features 

it also has limited applications. There are always substances of iron and silicon left in the 

aluminum after electrolytic-production, considered as impurities. These substances have to be 

adjusted to provide desired properties of the material. Aluminum that contains a weight of 

maximum 1% of iron and silicon is considered to be unalloyed aluminum. Typical 

applications are boiling-pots, tanks for transport and storage etc.  
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2xxx Series 

To obtain superb properties the 2xxx series of alloys are in need of solution heat treatment. In 

that condition the properties of the alloys could be comparable to the low carbon steels. 

Precipitation hardening (aging) is in some cases used to further improve the mechanical 

properties. Aluminum-Copper-Magnesium alloys have bad corrosion resistance compared to 

the other series, but are superb when high strength at temperatures up to 150 C° is required. 

Some of the 2xxx designated alloys are lithium contained and are divided into an own group 

presented as Lithium alloys.        

 

3xxx Series   

The 3xxx series of alloys is often used when temperate levels of strength, high ductility and 

superb corrosion resistance are a demand. The limit weight of manganese for solid solubility 

in aluminum is 1.82%. This limit could be enforced due to presence of iron reducing the 

solubility and possibly ductility by forming Al6Mn particles. This aspect means that 

manganese is only used as major element in a few aluminum alloys. Compared to the 1xxx 

series these alloys have roughly 20 % higher strength.  

 

4xxx Series  

In the 4xxx-series of aluminum alloys the major alloying element is silicon. Silicon could be 

added and soluble in aluminum up to an amount of 12 %. These alloys are often used in 

brazing alloys for joining aluminum and in weldings since aluminum-silicon mixture offers 

lower melting regions compared to a base metal. One typical application is architectural 

functions where anodic oxide finishes are applied to the alloy, allows the silicon content to 

become dark grey to charcoal.  

 

5xxx Series  

Magnesium is the major element in the 5xxx-series and forms together with aluminum solid 

solutions in many different compositions. These wrought alloys contain magnesium in 

contents from 0.8% to around 5%. The difference in strength between the Al-Mg-alloys is 

discernible and varies from a yield and tensile strength of 40 respective 125 MPa for Al-

0.8%Mg to 160 MPa respective 310 MPa for the highest level of alloys in this group 

(annealed condition). Instability in properties could occur to the Al-Mg alloys. When passing 

3-4 % in magnesium content, the β-phase has a tendency to precipitate in slip bands and grain 

boundaries that could lead to stress corrosion cracking and intergranular attack in corrosive 
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environments. The β precipitates are also further increased with increasing amount of work-

hardening. Magnesium added together with manganese offers high strength and work 

hardenable alloys.    

 

6xxx Series 

Alloys in the 6xxx series contain silicon and magnesium. These elements are mixed so that 

formations of magnesium silicide (Mg2Si) are achievable, making the alloy heat treatable. In 

general the AlMgSi alloys have good formability, corrosion resistance, machine ability and 

resistance to stress-corrosion cracking, but have a lesser amount of strength compared to 2xxx 

and 7xxx series. The major manufacturing method is extrusions but is also produced in sheet 

and plate designs. This group of commercial grades is further divided into three subgroups.        

 

7xxx Series 

The major element in 7xxx-series is zinc from 1 up to 8% of the total alloy content. Adding 

minor amounts of magnesium the heat treatable alloys increase from moderate to a very high 

strength. This group of alloys is applied for aircraft structures, mobile equipment, and other 

highly stressed parts. The Al-Zn-Mg system offers the greatest potential for age-hardening of 

all aluminum alloys. There are a lot of combinations of zink-magnesium systems with 

contents from 3% to 7% zinc and from 0.8% to 3% magnesium. These systems are often 

added with smaller portions of chromium, manganese and zirconium whose assignment is to 

control structure during fabrication and heat treatment. Zirconium is also stated to improve 

weldability for these systems. Furthermore the Zn:Mg ratio is of high interest when it comes 

to resistance to stress-corrosion, reaching maximum resistance at between 2.7-2.9%. Copper 

is also of importance and is an essential part in the Al-Zn-Mg-Cu systems. In general the high 

strength 7xxx-series of alloys are often slightly overaged to provide improvements in 

combinations of strength, corrosion resistance and fracture toughness. 

 

8xxx Series 

The 8xxx- series is the group of mixed elements for specific purposes. One extraordinary 

alloy is 8001 (Al-1.1Ni0.6Fe) which is developed for special applications such as nuclear 

energy installations where resistance to corrosive attack by water at high temperatures and 

pressures is of demand. Alloys of compositions that contains transitions metal elements could 

be applied for producing foil and fin stock for heat exchangers, an example of such grades is 

8006 (Al-1.6Fe0.65Mn). For all the 8xxx- series of aluminum alloys the significant issue to 
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strength the material is by dispersion hardening and solid solution strengthening which 

provide values of 5-20 MPa in tensile strength.  

 

Lithium alloys 

There are two significant reasons why lithium is added to aluminum. First, the density of the 

element makes the aluminum alloy density reduced by 3% for each 1% addition, although 

maximum solid solubility is 4% for lithium (at 610°C). Secondly it is of interest to increase 

the Young´s modulus of aluminum alloys which is increased 6% for each 1% added lithium. 

In general the lithium contained alloys are manufactured to supply aircraft structures with 

possible improvements up to 25 % in specific stiffness.  

Al-Cu-Li is one of the systems where copper is there to reduce solid solubility of lithium and 

co precipitation of GP zone formation and Θ´-precipitation. One grade of this system that has 

10% higher elastic modulus than other aluminum alloys is 2020 although it has low toughness 

properties. Another alloy that is commercial is 2090 which contains zirconium to control 

recrystallization and grain size. 

The Al-Li-Mg system is combined to offer solid solution strengthening. Systems containing 

more than 2 % magnesium could form incoherent Al2LiMg precipitates that will be 

precipitated in grain boundaries resulting in unpleasant effect on ductility. One grade is 1420. 

Recently developed lithium alloys are the systems; Al-Li-Cu-Mg and Al-Li-Cu-Mg-Ag 

produced to be lighter and stronger applied to structures requiring low weight, for example  

the 2195 grade
[3][5]

.        
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Cast alloys 

 

The cast aluminum alloys are more and more becoming used in larger amounts. There are 

about 300 compositions designated and the main combined systems are; Al-Si, Al-Si-Mg and 

Al-Si-Cu. The processes most frequently used are sand casting, permanent moulds casting, 

cold chamber and hot chamber pressure die casting. Properties that are of advantage for 

aluminum castings are low melting temperatures, negligible solubility for all gases excluding 

hydrogen. One significant disadvantage is the relatively high shrinkage occurring during 

solidification. The cast alloys are divided into two groups; heat treatable and non-heat 

treatable. There are about 40 different grades and they are further on divided into seven 

subgroups depending on the composition of the grade.  

 

Non-heat treatable cast alloys 

The Aluminum-Silicon alloys, which is one of the groups, have good castability medium high 

strength and good corrosion resistance. Al-Si is especially applied for ―pressure-sealed‖ 

details. The eutectic point for solidification is about 12,5 % Si and a temperature of 577°C. 

This allows great mechanical properties in modified condition. Lower weight of Si addition 

will also increase the sealing mechanism in castings. The most important grade in this 

subgroup of alloys is AlSi12. 

Aluminum-Magnesium alloys have their significant feature as corrosion resistance and their 

ability to be polished. Typical application for this subgroup is the shipbuilding industry and 

tube parts within the chemical industry. The strengthening mechanism is increasing with 

increasing weight of magnesium, reaching 7 % and moreover the alloy has to be homogenized 

after casting to achieve optimal properties. Adding silicon the ability to be cast will increase 

and copper to increase the strength.    

 

Heat treatable cast alloys       

The Aluminum-Copper-Titanium subgroup attains the highest strength of all the aluminum 

cast alloys. They could be accelerated aged and natural aged if magnesium is added. 

Compared to the Al-Si-Mg alloys they are harder to be cast due to their ability to form crack 

in high temperatures. They are extremely sensitive to impurities of for example silicon when 

reaching melting point.  
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The Aluminum–Silicon–Magnesium group is heat treatable and has the ability to enhance 

strength and hardness compared to the Al-Si alloys due to Mg addition. One typical alloy of 

this group is AlSi10Mg. The Aluminum-Silicon-Copper alloys have good castability and are 

more of universal cast alloys. They are often used when strength, elongation and corrosion 

resistance are not of importance. The addition of copper and silicon is in some regions 

exchangeable to each other. Increasing the Si weight, the castability will be improved whilst 

the weight of copper will improve the traceability and the ability to be polished.  

The aluminum-zink-magnesium group has decent corrosion resistance, good strength and 

elongation. One particular feature is that hardening could occur without performing any 

solution. This is caused by the high cooling-rate after casting the remained supersaturated 

solid solution. 

 

Element effects of physical properties   

The alloying elements that will decrease the density of aluminum are: Mg, Li, Si. The 

following elements increases: Cr, Cu, Fe, Mn, Ni, Ti and Zn. There is a linear relation 

between the decreasing and increasing of density and alloying element, but the factors that 

could affect and change the linear relation are porosity, macro segregation of constituents, 

degree of solid solution and specific volumes of constituents. The effect of these factors is 

reduced when annealing the alloy.  

 

To predict the formulation of solid-state phases measuring the internal friction has been done. 

It is also possible to see how added elements affect the viscosity of the molten metal where 

Cu and Fe increase the viscosity while Mg and Si decrease the internal friction. There is an 

influence of additions to aluminum regarding the modulus of elasticity. Investigations under 

static conditions show that Young´s modulus will increase with increasing weight of Be, Co, 

Mn, Ni, Si and Li in from 70 to 110 GPa depending on element selection and weight
[3][5]

.  
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Toughness 

Toughness is simply the material ability to absorb energy and when it comes to presence of 

cracks toughness is the property that is of highest interest. When the level of strength is 

enhanced by certain heat treatment and alloying elements the toughness is decreased. To 

improve and optimize fracture toughness it is important to control the amounts of impurities 

like iron and silicon.  

In this Thesis, the components analyzed could be put under aerospace industry applications. 

That is why the fracture toughness and fatigue behavior is of interest.  In order to control the 

alloy composition to produce specific microstructures, three types of second-phase particles 

are well known to affect features such as fracture and fatigue. In general the toughness is 

often improved by reducing the amount of iron and silicon in high-strength aluminum. Other 

7XXX- alloys exhibit the same behavior and also decreased unit propagation energy as 

increased amount of chromium. Improvement of yield strength is the main achievement of 

hardening precipitates on fracture toughness. This is dependent on heat treatment methods 

that certain wrought alloys are treated in. Nevertheless changes in composition, especially for 

magnesium amounts, could have a large impact on toughness of the 7xxx alloys.  

Fatigue 

The resistance against fatigue and fatigue crack growth is increased with improving tensile 

strength of the alloy. By reducing the amount of iron and silicon fatigue will not follow the 

same behavior as fracture toughness. Aged aluminum alloys have relative poor fatigue 

properties compared to other metals due to metastable structure under cyclic stresses. It has 

been shown that when strain is localized, precipitates could be removed slip bands which 

leads to increasing of stress and the cracking process is accelerated. To avoid this process one 

has to disperse the fatigue deformation more homogeneous.       

 

Other properties which are not described in detail but are affected by the alloying element 

addition are: thermal expansion, thermal conductivity, electrical conductivity and resistivity. 

End noted reference list in this document will help the reader to find and search for more 

information regarding other physical properties
[3]

. 
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Commonly used elements and specific properties  

  

Beryllium  

Beryllium is often added to aluminum alloys that contain magnesium, reducing the oxidation 

occurrence at certain temperatures. Beryllium is used in rather small amounts to improve the 

fluidity and the ability to cast the aluminum alloy. It is also added with content up to 0.1 % in 

aluminizing baths for steel, improving the adhesion of the aluminum layer. When 

manufacturing wrought aluminum-magnesium products, oxidation and discoloration features 

are reduced by small additions of beryllium. 

 

Chromium  

Chromium is frequently used in alloys overall especially in mixtures such as; Al-Mg, Al-Mg-

Si, Al-Mg-Zn grades with addition volumes up to 0.35 %. It has an ability to form coarse 

precipitates with impurity elements like  manganese, iron and titanium. Chromium has also 

the ability to form fine disperse phases due to the relatively slow diffusion rate. In general 

chromium is added in aluminum alloys to control grain structure, prevent grain growth and to 

prevent recrystallization in a few alloying systems. It has also a large effect on electrical 

resistivity. 

 

Copper 

Copper is an important element in aluminum alloys. It increases strength and has the 

maximum strengthening in addition between 4-6%. In Al-Cu systems there is often added 

magnesium to improve strength and ductility for wrought alloys, aged in room temperature. In 

castings the ductility is instead decreased adding Mg. Other elements added to Al-Cu-Mg 

systems are iron to improve bearing characteristics, silicon to form Mg2Si precipitates, silver 

and nickel to improve strength for heat treated alloys and castings respectively. To improve 

the tensile properties; cobalt, chromium or molybdenum is added. Manganese itself reduces 

ductility and together with magnesium decreases fabrication characteristics. 
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Magnesium 

Magnesium has a high solubility in aluminum (17.4%) and is the major element in the 5xxx 

systems and could at room temperature be precipitated in Al-10% Mg cast alloys. It has its 

major impact on strengthening with negligible reduced ductility. In general corrosion 

resistance and weldability is good.      

 

Manganese 

Manganese will in solid solution state and in precipitated intermetallic phase improve strength 

but also to control grain structure. This element is a very common impurity that has its 

significant function to increase temperature of recrystallization and to support fibrous 

structure formation during heat treatments. Another feature is that manganese could affect and 

decrease the embrittlement effect of iron constituents by correcting the shape of the it.    

 

Zink 

Adding zink to aluminum will improve the strength slightly and does not improve cast alloys 

at all. That is why zink is added with other elements like magnesium and copper which could 

enhance the tensile properties with excellence. Together with magnesium, zink will control 

the aging process and copper additions are put in to increase the aging rate. These systems 

offer the highest strength of all the aluminum alloys in total.       

 

Zirconium 

Zirconium is used in very small portions to hinder recrystallization and recovery due to fine 

intermetallic particles. It is also used to control the grain structure and is often used to reduce 

as-cast grain size. Compared to chromium additions of zirconium will render in less quench 

sensitivity. Reference to more detailed information about target and other elements could be 

found in the reference list
[3][5]

.  
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Mechanical properties 

There are a few attributes that affect and control the mechanical properties of aluminum 

alloys, namely: 

Constituent particles from solidification which often is associated with insoluble compounds 

consisting of impurities like iron and silicon. It is of interest to dissolve these constituents and 

one technique is preheating. 

Solid state precipitated particles that are in the size range of (0.05-0.5 µm) consisting of 

elements that slowly diffuses in aluminum. The particles resist dissolution and they could 

have an impact on a few mechanical properties while alloys are heat treated or plastically 

deformed. 

Strengthening influence of larger precipitates (0.1 µm) from age hardening. 

Recrystallization which is an important issue when it comes to wrought products and thus the 

influence of grain size and shape.  

Alloys not affected by age hardening, treated by cold work and forming dislocation 

substructure. 

Treatment causing crystallographic textures and therefore affects the formability.
[3]

   

 

Theory of kinetic analysis 

Arrhenius relationship  

Thermal aging provides the basis for Arrhenius type analysis of the thermally activated 

process in the degradation. Arrhenius behavior is represent be the Arrhenius equation 

expressed as 

 

RT

E
eAA a

0  

where A is a quantity of interest related to the rate of change of the property in the system 

which is thermally activated; A0 a pre-exponential term  representing an intrinsic value of 

such a property; Ea the activation energy representing the energy barrier for the thermal 

activation process; R the universal gas constant; and T the absolute temperature in Kelvin. In 

general the Arrhenius relation could be further related to the Maxwell distribution law which 

is an explanation of the behaviour of molecular kinetic energies. It has also the same base as 

holds for the thermal distribution of electronic, vibrational, and rotational energies. Therefore, 

Arrhenius equation has been usually applied when accelerated thermal aging tests is to be 
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performed. Thermally activated procedures and single rated, Arrhenius plots presents a 

straight line where the activation energy and the pre-exponential factor could be determined. 

From the plots, obained data can be used to predict at what rate that would be experienced at 

other temperatures. The slope is occasionally extrapolated to predict the reaction  rate at room 

temperature or extrapolated a temperature at which a material will be stored
[8][9]

.   

DSC 

The Differential Scanning Calorimeter is an apparatus which runs thermal analysis that 

involves temperatures and heat flows for different material transitions at certain functions of 

time.  

Kissinger method  

The Kissinger method of thermal analyses is applied to determine activation energies of 

reactions for solid state transformations. The Kissinger method is based on the fact that the 

peak temperature of certain precipitation depends on used heating rate (β). From the DSC 

graphs the peak temperature Tp, which is the maximum temperature of the first observed 

endothermic reaction, is put into the Kissinger equation:  

C
RT

ET

p

ap

2

ln  

together with used heating rate β. Then the activation energy Eα of the precipitation process is 

evaluated from the expression where C is a constant and R is the perfect gas constant. 

Following experiments are run at constant heating rates using non-isothermal analysis of 

DSC. 4 observed peak temperatures from 4 used heating rates are put into Matlab using 

Kissinger plots. The plots are 2D presented with x-axis as 1000 divided by observed peak 

temperature and y-axis as the logarithmic function of peak temperature in the order of two 

divided by the selected heating rate. Between the 4 data points a linear regression line is 

drawn, where its slope is the activation energy for respective phase transformation. 



27 

 

Selected alloys 

The selected fuzing system parts (Fig. 1) were investigated in order to conclude what type of 

alloys they were. Involved tools were EDX analysis (SEM) and hardness measuring 

(Vickers).  It has been distinguished that the parts were in the class; 7XXX-serie, 6XXX-serie 

and 2XXX-serie. The following alloys were selected by rating different parameters such as 

material availability at suppliers, heat treatment and possible to form useful dimensions to 

make experimental tests; AA7075, AA6082 and AA2017. In Table 2
[3][6] [11]

 all the relevant 

information are displayed regarding chemical composition, heat treatments and mechanical 

properties about the selected grades. It is clearly shown how the mechanical properties like 

hardness and strength are changed with different heat treatments.    
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Table 2: Different chemical composition, possible heat treatment and mechanical properties 

of the selected alloys; AA7075, AA6082, AA2017
 
 

    

Grade AA7075 AA6082 AA2017 

Chemical composition Zn 5.6, Mg 2.5, Cu 1.6, Cr 

0.25 

Mg 1.0, Si 1.0, Mn 0.7 

(Plate) 

Cu 4.0, Mg 0.6, Si 0.5, Mn 

0.7 

Possible Heat treatment  O, T4, T73, T6, T651,  T451, T651, T6 (plate) T5 

(extrusion), T4,T6 (bars)  

O, T4, T451 

Mechanical properties   

Tensile yield strength 

resp.condition (MPa) 

105, 505, 435, 570, 570 150, 289, 285 (plate), 260 

extrusions, 285 (bars) 

70, 275 

Tensile strength (MPa) 230, 570, 505 240, 315, 315, 300, 310 180, 425 

Brinell hardness 60, 150 68, 104, 100, 85, 100 45, 105 

Diffusion in Al Q Temp range (K)  

Cu 136 594-928 

Zn 118.6 614-920 

Si 137 753-893 

Mg 115 598-923 

Mn 211.4 730-933 

   

Grade AA7075 AA6082 AA2017 

Time at temp 10000h 10000h 10000h 

Temp T6 ( C ) Tensile 

yield 

strength, 

MPa 

Tensile 

strength, 

MPa 

Tensile 

yield 

strength, 

MPa 

Tensile 

strength, 

MPa 

Tensile 

yield 

strength 

(T4), 

MPa 

Tensile 

strength 

(T4, 

MPa) 

24 505 570 230 330 275 430 

100 430 455 270 290 255 385 

148 145 175 175 185 205 274 

203 80 95 65 80 115 150 

260 60 75 35 45 65 80 

316 45 60 30 35 35 45 

371 30 45 25 30 25 30 
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State of art 

 

AA7075 

The 7075 alloy were selected to be produced in  solution heat-treated and then artificially 

aged because of the availability of heat treatments from supplier but also as it offers the 

maximum strength and hardness. To achieve the same mechanical properties after artificial 

aging Fig.9
[12]

 presents the relation between holding temperature and time for T6 tempering. 

The possible heat treatment for AA7075 is shown in Table 2. When quenching the 7075 

rapidly it does not maintain the supersaturated state and will instead form metastable 

precipitates being naturally aged (in room temperature). Preventing further natural aging other 

metastable but also stable can occur by artificial aging. It has been showed when applying 

artificial aging after quenching, that the GPI zones are stable around 115°C and GPII zones 

are stable around 150(°C). Holding the temperature at 125°C for 20 hours the GPII zones are 

transformed to ŋ´ precipitates and will further on be transformed to stable n precipitates in the 

region of 200°C. The general precipitation sequence for this alloy is following: 

SupersaturatedGP-zoneŋŋ (MgZn2). Fig. 10
[12] shows the microstructure after 

solidification and plastic deformation. The fracture toughness of the T6 state is around 30 (J) 

and around 35 (J) for untreated, depending on what direction the crack propagates referred to 

applied load direction. Overaging and instead reaching the T7 temper will get a more stable 

state where the thick precipitates have a lower density than in the T6 condition.  

 

 

 

 

 

 

 

 

 

 

Fig.9 shows the recommended holding time and temperature 

for alloy 7075, T6 treatment. 

 



30 

 

 

 

 

 

 

 

Calorimetric behavior is of highest interest in this thesis. Endothermic and exothermic 

reactions are gathered for alloy 7075 and shown in Fig.11
[13]

 where specific activations 

energy is obtained at different temperatures. There is also of importance to investigate the 

change in selection of treatment temperature and how the activation energy is changed with 

different temperature and heat treatment of DSC –analysis of the 7075 alloy in different 

conditions.  

 

 

 

 

 

 

 

 

 

 

 

Retrogression is correlated to the 7075 with the goal to optimize strength and corrosion 

properties. The state of retrogression is simply to hold the alloy at a temperature between 

solution treatment and artificial aging for a little while. Afterwards re-aging is often added as 

a second stage using the same condition as T6 tempering.  

Fig. 10 shows irregular grains of AA7075-T6 microstructure  

 

The Fig.11 is showing the change in activation energy 

for the 7075 alloy with different hold time for certain 

temperature. 
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Retrogression is often applied when it is in need of optimizing properties like hardness, 

impact energy and corrosive resistance. Fig.12
[14]

 below shows the results of mechanical 

testing of hardness and impact toughness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13
[15]

 shows the calorimetric behavior between the T6 and T7 condition which is supplied 

with Fig.14
[15]

 that shows DSC results describing the relation between selected treatment, 

treatment temperature and activation energy.  

 

 

 

 

 

 

 

 

 

 

 

Fig 14 shows how the activation 

energy is changed with different 

temperature and heat treatment of 

DSC –analysis of the 7075 alloy in 

different conditions. 

Fig 13 shows the calorimetric 

curves of the T7 and T6 

temper. 

Fig.12 shows the impact energy (right y-axis) and 

hardness (left y-axis) as a function of retrogression 

temperature. 
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Looking at the microstructure observed in the TEM image (Fig 15)
[15]

, the overaged condition 

(T7) presents a coarse and homogeneous precipitation inside the grains. At the grain boundary 

the precipitates is even coarser.   

 

 

 

Fig 15 shows the microstructure of 

overaged T7 temper from a TEM 

analysis. 
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 AA2017 

During artificial aging and T6-conditions, aluminum alloys with chemical composition 

consisting of 4.4Cu, 0.5Mg, 0.9Si, 0.8Mn or similar (AA2017), peak hardness is primarily 

related to the occurrence of metastable Θ -phase and of nucleated Θ -phase. It is well known 

that the complete dissolution of Θ phase causes a degradation in mechanical properties 

(overaging). Activation energy for Θ precipitation has been found to decrease with 

increasing transformed fraction and this can be related to the effect of nucleation processes. 

For 2017 and other alloys with high Cu weight and with Mg and Si as addition, four 

precipitation sequences occurs:   

Supersaturated  GP-zone  Θ´´Θ´Θ  (Al2Cu)  

Supersaturated  GPBZ (S )S (semicoherent S) S (incoherent) (Al2CuMg) 

Supersaturated  GPZβ ββ (Mg2Si) 

Supersaturated QPQCQ , where GPBZ is Guinier–Preston-Bagaryastskii zones.  

Q-phase is also referred to as h-AlCuMgSi. The fracture toughness for this alloy is in the 

region 25 (J).  Three processing treatments that is of : Annealing temperature (O): 338-349 

(°C), cold worked annealed Annealing temperature (O): 413 (°C), heat treated annealed 

Solution temperature :  499-510 (°C). 

The endothermic and exothermic reactions that are gathered for alloy 2014 is shown in 

Fig.16
[10]

. Different heat rates is used namely; 5,10,20 and 30 C°/min and as the heat rate is 

increased the result of reactions is improved and thus easier to distinguish transformations.  

 

 

 

 

 

 

 

 

 

 

 

 Fig.16 shows the endothermic and 

exothermic reactions for the 2014 

alloy at different heating rates. 

Fig.17 shows the microstructure of a 

2014 alloy using a light optical 

microscope. 
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As metallic observations are to be done with 2017 Fig.17
[16]

 shows the T6 condition of a 2014 

alloy with bright circular (Al2Cu) portions and dark (Al–Cu–Mn–Si–Fe) particles. Impact 

energy and hardness are two mechanical properties that are to be investigated. The 2017 has 

similar alloying element additions likely to what 2014 and 2022 have. Therefore, Fig.18
[17]

 is 

assembled to show the influence of aging time on impact energy for the 2024 alloy. Fig 

19
[16]

demonstrates the aging curves of similar alloy at T4 condition (2014-T4), plotting 

hardness versus natural aging time in days. 

 

 

 

 

 

 

 

 

 

 

 

 

To confirm the difference in impact toughness (Fig.18) fractographs are obtained by a 

scanning electron microscope showing specimens aged for 7 h and 13 h; in Fig.20
[17]

 a,b 

respectively. The fracture surfaces represent the lowest toughness consisting of small dimples 

surrounding larger inclusions (a) and the decrease in impact energy that can be associated 

with formation of metastable precipitates (b). 

 

 

 

 

 

Fig.20 shows the fracture surfaces from impact test specimens of a 

2024 alloy, aged at 190
o

C for 7 h (a) and for 13 h (b). 

Fig.18 demonstrates the results of impact 

energy as a function of aging time (h) for a 

2024 alloy aged at 190 C°.  

Fig.19 demonstrates the aging curves of 

similar alloy at T4 condition (2014-T4) 

plotting hardness versus natural aging time 

in days. 
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AA6082 

The Mg2Si β-phase is the equilibrium phase of the 6082 alloy. The microstructure of 6082 

alloy after solution heat treatment and artificial ageing, contain fine needle-shaped β‖ phase 

particles homogenously distributed throughout the matrix. Additionally in the T6 condition 

spherical shaped of fine particles of α-Al(FeMn)Si phase is formed. The sequences regarding 

AA6082 transitions are: (i) aluminum supersaturated solid solution (SSS), (ii) portions of Si 

and Mg atoms, (iii) dissolution of Mg portions and formation of Mg/Si portions (GPI zone), 

(iv) β´´ needle (GPII zone) which is the predominant precipitate in peak-aging, (v) β´ rod 

precipitates, (vi) β (Mg2Si) stable portions. This precipitation sequence is fully consistent for 

the investigated alloy and for the range of aging temperatures to which the material has been 

subjected. In general it is true that the finer the dispersion of GPI and GPII zones, the greater 

will be the strength and hardness. If the Mg2Si nucleation and growth processes will be 

changed it will influence the final properties of the alloy after aging treatment. To observe the 

difference in microstructure when comparing peak hardening to overaging of AA6082, Fig. 

21
[18]

 is presenting 4 bright field images showing the β´´ needle precipitates.  
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In order to study the eutectic and aging response of α circular formation, semisolid forming 

(SSF) processes have been done. The alloy AA6082 is formed in the semisolid state, with its 

microstructure consisting of circular formed dendrites in an eutectic liquid matrix. Looking at 

Fig.22
[18] 

it is possible to see the circular formed dendrites in size of 66µm (a). In the next 

picture (b) it is observed a reduction of the quantity of eutectic phase in the direction of 

intergranular stripes. In (c) it is observed a gradual spheroidization of the α-Al phase.  

 

 

Fig. 21 shows Bright-field TEM images: (a) after solution at 530 °C/2 h and 

aging at 160 °C/1 h (T6, peak hardening), (b) after solution at 530 °C/2 h and 

aging at 160 °C/8 h (T6, overaged). The micrographs show the needle-like β´´ 

particles (aligned along the three (100) Al directions). 
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Fig 22: Shows OM images of the microstructure after Semisolid 

forming (dark eutectic areas surround the α-Al portions) and 

after solution treatment at 530 °C for 0.5 h (b) and 8 h (c). 
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Fig 23: Shows the normalized hardness as a 

function of the parameter P= T (C+ log t), where T 

is the absolute temperature and t is the exposure 

time in minutes; C= 8 is a best fit constant. 

To investigate the effect of aging temperature on maximum hardness of 6082, Fig.23
[18]

 

shows the hardness as a function of aging temperature. As can be seen the increased aging 

temperature has resulted in a decrease in maximum hardness.  

 

 

 

 

 

 

 

 

 

 

 

 

The endothermic and exothermic reactions that are gathered for alloy 6082 is shown in 

Fig.24
[19]

. Different heat rates are used namely; 5,10,20 and 30 C°/min and as the heat rate is 

increased the result of reactions is improved and thus easier to distinguish transformations.  

 

 

 

 

 

Fig.24 shows the endothermic and 

exothermic reactions for the 6082 alloy at 

different heating rates. 
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Method 

DSC 

The DSC-procedure for this master thesis is done in Pyris Diamond Perkin Elmer-machine at 

Eurenco in Karlskoga. This machine has two ovens to be able to run a reference test at the 

same time as the aluminum ampoule sample. The true difference between the reference 

sample and ampoule is measured with a baseline. Minor variations in baseline are out of 

importance and the evaluation of the heat flow peaks and how they are integrated is trivial for 

the DSC user. The reactions tested are commonly different types of decay with large content 

of energy. Final mass of each DSC sample was about 2.0 mg. 

Impact test 

The impact testing to evaluate the brittleness of the alloys is done by using Charpy test 

specimens. Charpy specimens have the dimension; 10mm*10mm*55mm and are V-notched 

according to standard SS-EN 10045-1, in the milling cutter at Karlstads Universitet. The 

impact test is also done at Karlstad Universitet using a heavy pendulum according to standard 

SS-EN 10045-1, see Fig 25. The absorbed impact energy is the difference between starting 

height h1 and final height h2. The energy is presented in Joules and is read out from the 

machine. 

 

 

Fig.25 presents the impact test 

machine, using a heavy pendulum. 
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SEM 

To analyze and to compare the fracture surfaces from the impact tests Scanning Electron 

Microscope is applied. EDX analysis as a function in SEM has been used in preparation in 

order to distinguish and verify the alloying elements in ordered specimens. Specimens are 

examined at Karlstad Universitet.    

Hardness 

The hardness measurements are done in machine according to Vickers Method. The 

penetration of the diamond is done with a load of 25 gram. Each sample after each heat 

treatment is run by 10 perfect penetrations, resulting in a mean value. 

OM 

Characterization of the microstructure, at each step in the accelerated aging tests, are done 

according to laboratory guidance using the optical microscope after grinding and polishing.   

Matlab 

In order to analyze the DSC tests, raw data from the DSC graphs are put in Matlab. Peak 

temperature is obtained by using the baseline method.   

 

Supplier of material 

The supplier of the selected alloys is Alutrade AB and the ordered alloys are delivered with 

following heat treatments;  

AA 2017 : T4 (solution heat treated (510°C) and naturally aged in room temperature in 120 

hours to stable condition) 

AA 6082 : T6 (solution heat treated (530°C) and artificially aged in 180 ±5 °C in 5 hours for 

peak hardening)  

AA 7075 : T6 (solution heat treated (510°C) and artificially aged in 120 ±5 °C in 24 hours for 

peak hardening)  
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Results 

With knowledge of collected data from science articles, selected peak temperatures from 

graphs that show relevant signal/intensity of GP-zone formation is brought into the Kissinger 

relation in Matlab for each heating rate. All the graphs that were gathered from Eurenco are  

found in Appendix 2(a-c). Following peak temperatures Tp were attained for each grade and 

heating rate α: 

2017-T4; α = 5; Tp = 110, α = 10; Tp = 112, α = 15; Tp = 127, α = 20; Tp = 137 

6082-T6; α = 5; Tp = 122, α = 10; Tp = 141, α = 15; Tp = 147, α = 20; Tp = 147 

7075-T6; α = 5; Tp = 97,   α = 10; Tp = 112, α = 15; Tp = 117, α = 20; Tp = 140 

 

The y-axis is logarithmic and organized as peak temperature in the order of two divided by 

the selected heating rate. The x-axis is simply 1000 divided by the peak temperature to 

optimize the solution in window size. The lines in Fig (26-28) are tangents to the 4 data points 

in each case where intersection of x and y occur and results in specific activation energy. 

2017-T4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.26 Kissinger plot showing the average activation energy Ea for 2017 

in T4 condition. The set of DSC runs is done with heating rates of 

5,10,15 and 20°C/min. 
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In order to estimate thermal stability and activation energy of phase transition in 2017 after T4 

treatment, DSC investigaion was done. Time and temperature at the beginning of transition 

were detected and plotted in Kissinger plot to estimate activation energy of phase 

transformation.  

 

As it is seen from the Kissinger plot (Fig.26) activation energy of the first transitions 

(calculated as a slope of the line) are equal to 50 kJ/mol. Earlier analysis done of phase 

transformations in Table.3 below
[10,16,17]

 shows that activation energy of formation of GP-

zone corresponds to calculated activation energy. In order to test out thermal stability of the 

alloy 2017 at T4 state, a number of further T4-state heat treatments was done.  

 

Table.3 Precipitations and formations at different peak temperatures with a heating rate of 

20°C/minute regarding 2017- T4 

Transition GPZ-

formation  

GPZ-

dissolution 

Θ -

formation 

Θ -

dissolution 

Θ -

dissolution 

Q 

Activation 

Energy(Kj/mol) 

55 150 83 69 83 152 

Peak 

Temperature(°C) 

110 230 282 315 332 362 

 

The temperature of transition to GP-zone dissolution was according to Table.3, 230 °C and 

heat treatment temperatures are selected so that next transition in 2017 may be activated. Data 

from accelerated aging processes are expected to be extrapolated to low temperature intervals. 

Therefore, hardness was the selected parameter to evaluate microstructural changes. Fig. 27 

shows the change in hardness in matter of time (30-270 minutes) for the 2017 alloy where the 

heating temperature was 250 °C.   
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Measured toughness (at Karlstads Universitet) for delivery condition (T4) is 25 (J) and 

according to literature it is also around 25 (J)
[6]

. The selection of accelerated aging times and 

temperatures is based on literature and of testing series. The series have following accelerated 

aging matrix:  

T(°C) 220 300 370 

t1(min) 30 30 30 

t2(min) 90 90 90 

t3(min) 180 180 180 

 

Evaluation of changes in microstructure was done in indirect manner by measurements of 

hardness and fracture toughness. To see the influence of heat treatment in changes of fracture 

toughness, accelerated aging treatment was done. Figures 28 and 29, describes the changes in 

hardness and toughness. Both properties changed remarkably. Hardness decreased from 160 

HV at 220°C for 90 minutes down to 70 HV at 370 °C for 180 minutes. Toughness increased 

from 12 (J) at 220°C for 30 minutes to 31 (J) 370 °C for 180 minutes. 

 

 

 

 

Fig 27 shows Test serie1: 2017-T4 presenting hardness as a 

function of time at 250°C. 
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Fig.28. Hardness as a function of accelerated aging temperature at 30, 90 and 180 minutes. 

Fig.29. Impact toughness as a function of accelerated aging temperature at 30, 90 and 180 

minutes.   
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Fig.30 Kissinger plot showing the average activation energy Ea for 6082 in 

T6 condition. The set of DSC runs is done with heating rates of 5,10,15 

and 20°C/min. 

 

6082-T6 

The same procedure was made to alloy 6082 in order to estimate thermal stability and 

activation energy of phase transition after T6 treatment. Time and temperature at the 

beginning of transition were detected and plotted in Kissinger plot to estimate activation 

energy of phase transformation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As it is seen from the Kissinger plot (Fig.30) activation energy of the first transitions are equal 

to 70 kJ/mol. Earlier analysis done of phase transformations in Table.4 below
[18,19]

 shows that 

activation energy of formation of GP-zone (80 kJ/mol) corresponds to calculated activation 

energy. In order to test out thermal stability of the alloy 6082 at T6 state, a number of state 

further heat treatment was done.  
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Fig 31 shows Test serie2: 6082-T6 presenting hardness as a function of 

time at 250°C. 

 

Table. 4 shows the precipitations and formations at different peak temperatures with a heating 

rate of 20°C/minute regarding 6082- T6  

Transition GPZ-

formation 

β /β -

formation 

β-

formation/dissolution 

Activation 

Energy(Kj/mol) 

80 72 224 

Peak 

Temperature(°C) 

110 270 470 

 

The temperature of transition to GP-zone dissolution was according to Table.4 270 °C and 

temperatures are selected so that next transition in 6082 may be activated. Data from 

accelerated aging processes are expected to be extrapolated to low temperature intervals. 

Therefor, hardness was the selected parameter to evaluate microstructural changes. Fig. 31 

shows the change in hardness in matter of time (30-270 minutes) for the 6082 alloy where the 

heating temperature was 250 °C.   
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Measured toughness for delivery condition (T6) is 46 (J) and according to literature it is 

around 50 (J) 
[6]

. After test series it was measured around 34 (J). 

The selection of accelerated aging times and temperatures is based on literature and of testing 

series. The series have following accelerated aging matrix:  

T(°C) 300 400 470 

t1(min) 30 30 30 

t2(min) 90 90 90 

t3(min) 180 180 180 

 

Evaluation of changes in microstructure was done in indirect manner by measurements of 

hardness and fracture toughness. To see the influence of heat treatment in changes of fracture 

toughness, accelerated aging treatment was done. Figures 32 and 33, describes the changes in 

hardness and toughness. Both properties changed remarkably with 95 HV at 300°C for 30 

minutes down to 40 HV at 470 °C for 180 minutes. Toughness increased from 37 (J) at 300 °C 

for 30 minutes to 100 (J) at 470 °C for 180 minutes. 

 

 

 

 

 

 

 

 

 

 

 

Fig.32. Hardness as a function of accelerated aging temperature at 30, 90 and 180 minutes. 

Fig.33. Impact toughness as a function of accelerated aging temperature at 30, 90 and 180 

minutes.   
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 7075-T6 

The same procedure was made to alloy 7075 in order to estimate thermal stability and 

activation energy of phase transition after T6 treatment. Time and temperature at the 

beginning of transition were detected and plotted in Kissinger plot to estimate activation 

energy of phase transformation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As it is seen from the Kissinger plot (Fig.34) activation energy of the first transitions are equal 

to 119 kJ/mol. Earlier analysis done of phase transformations in Table.5 below
[13,15]

 shows 

that activation energy of formation of GP-zone (100 kJ/mol) corresponds to calculated 

activation energy. In order to test out thermal stability of the alloy 7075 at T6 state, a number 

of state further heat treatment was done.  

Fig.34 Kissinger plot showing the average activation energy Ea for 

7075 in T6 condition. The set of DSC runs is done with heating rates 

of 5,10,15 and 20°C/min. 
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Table. 5 shows the precipitations and formations at different peak temperatures with a heating 

rate of 10°C/minute regarding 7075- T6 

Transition GPZ-

dissolution 

ŋ /ŋ-

dissolution 

ŋ-

dissolution 

Activation 

Energy(Kj/mol) 

100 - 67 

Peak 

Temperature(°C) 

157 230 400 

 

The temperature of transition to GP-zone dissolution was according to Table.5 230 °C and 

temperatures are selected so that next transition in 7075 may be activated. Data from 

accelerated aging processes are expected to be extrapolated to low temperature intervals. 

Therefor, hardness was the selected parameter to evaluate microstructural changes. Fig. 35 

shows the change in hardness in matter of time (30-270 minutes) for the 7075 alloy where the 

heating temperature was 180 °C.   

 

Fig.35 shows Test serie 3:7075-T6 presenting hardness as a function of 

time (minutes) at 180°C. 
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Measured toughness for delivery condition (T6) is 4,9 (J) and according to literature it is 

around 27 (J)
[12]

. After the test series it was measured 5,9 (J). 

The selection of accelerated aging times and temperatures is based on literature and of testing 

series. The series have following accelerated aging matrix:  

T(°C) 140 210 380 

t1(min) 30 30 30 

t2(min) 90 90 90 

t3(min) 180 180 180 

 

Evaluation of changes in microstructure was done in indirect manner by measurements of 

hardness and impact toughness. To see the influence of heat treatment in changes of impact 

toughness, accelerated aging treatment was done. Figures 36 and 37, describes the changes in 

hardness and toughness. Both properties changed remarkably with 210 HV at 140°C for 30 

minutes down to 75 HV at 380 °C for 180 minutes. Toughness increased from 5 (J) at 140 °C 

for 30 minutes to 42 (J) at 380 °C for 180 minutes. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig.36. Hardness as a function of accelerated aging temperature at 30, 90 and 180 minutes. 

Fig.37. Impact toughness as a function of accelerated aging temperature at 30, 90 and 180 

minutes.   
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Following provided fracture surface images describe the difference in toughness obtained at 

each testing series. Figs.(38-41) verifies how hardness and toughness change with increasing 

time and temperature at high magnification. Figs.(38-40) show the results from step 1 in each 

testing matrix for respective alloy.      

 

Fig.39 (6082-T6): showing dimples at an overaged fracture surface, 

typical ductile failure.  

 

Fig.38 (2017-T4): showing dimples at an overaged fracture surface, 

typical ductile failure. 
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a b 

c 

Fig.40 (7075-T6): Showing the over aged brittle fracture as the notch has 

been applied along the fiber orientation.    

Fig.41 (a-c) shows the SEM 

fractographs after re-aging each alloy 

according to the testing series matrix. 

Fig. 41 (a) represents the overaged 

2017, Fig.41 (b) represents the 

overaged 6082 and Fig.41 (c), the 

overaged 7075 alloy.  
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Fig.38 (2017) shows a typical dimple rupture with large dimples indicating an obvious 

overload. It is presented an even more ductile type of failure in Fig.39 for 6082 where the 

fibers are more elongated. The result in low impact energy for two of the 7075 specimens is 

proved by the third image (Fig.40) where the notch has been applied along the fiber 

orientation. Fig. 41 (a-c) illustrates the results of each alloy from the third step for respective 

testing matrix. Fig. 41 (a) shows the overaged 2017 fractography at  370 °C, Fig.41 (b) the 

overaged 6082 at 470 °C and Fig.41 (c), the overaged 7075 alloy at 380 °C for 180 minutes 

each. The overaged 6082 in Fig.41 (b) represents an extreme ductile failure resulting in totally 

worn out fractions. 
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Discussion 

The aim with the accelerated aging procedure and the research overall, was to predict how the 

aluminum alloys could withstand accelerated aging, in terms of toughness and hardness. It is 

clear that precipitations are formed when aluminum alloys are artificially aged. Growth of 

precipitations will somehow affect mechanical properties and this research has its focus on 

hardness and impact toughness. The purpose of the investigation was to find out if the kinetics 

of precipitations is the same change in kinetics as for hardness and impact toughness. In order 

to make that correlation, the kinetics of hardness and impact toughness changes should be 

described by the Arrhenius equation. Using the Arrhenius equation it is possible to verify or at 

least compare those calculated activation energies with Kissinger plots and literature 

reference. Following steps are an Arrhenius relation manual that is applied: 

 

Step 1: After finished accelerated aging of each grade of alloys the results were collected. 

Values for temperature and time were transformed into Kelvin and seconds for 

standardization. The results were plot in a 2D-diagram with hardness and impact toughness as 

a function of accelerated aging temperature at certain holding time (see Fig. 28,29,32,33 

36,37) 

 

Step 2: As a second step in the Arrhenius correlation, the time for the aging process is 

transformed into a logarithmic scale and is plotted versus hardness and impact toughness. The 

trend lines are also given in the diagram which represents the equation for the 3 points in each 

curve.  

 

Step 3: New diagrams that consist of the trend line equations are formed, with added 

extrapolated points representing shorter and longer aging times, see Fig.38. In this manner, it 

is possible to predict how long a material will be held at different aging temperature, to 

achieve the same value of mechanical property. The chosen values to be plotted on the 

optimal and final Arrhenius diagram (in step 4), will be min. value of highest curve and max. 

value of lowest.  
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Step 4: The last step is the most crucial where the suitable values for comparison are plotted 

on a 1000/T versus logarithmic time (seconds). Only then it is achievable to make a 

conclusion of how phase transitions influences mechanical properties like hardness and 

toughness. In Fig. 43, 80 HV, 115 HV are min. and max. values suitable for comparison. One 

more value is added (100 HV) to get at least three lines to determine the activation energy 

from. The activation energy can be determined from the slope of the plot of ln (k) versus 

1000/T which is on the rewritten Arrhenius equation: Ln (t) = ln (A) – (Ea/RT).  

Fig.42 Extrapolation of the 7075 alloy using trendline data. The x-axis constitutes 

of logarithmic time (seconds), and y-axis the hardness in Vickers.  
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Fig.43 Determination activation energy of from the slope of the 7075 alloy using the 

Arrhenius relation. The plot is made up by 1000/T (y-axis) and logarithmic time (x-

axis). 

 

 

 

 

 

 

If the lines in the Arrhenius plot of some reason changes in direction or have another slope 

relative to each other, different activation energy and hence different kinetics are occurring. 

This behavior is a result of too few measurements for each alloy and that kinetics are 

changing with temperatures. The result in change of hardness and fracture toughness could 

although be viewed in Fig. 44 where temperature, time and property dependence are shown in 

3D. The Arrhenius correlation procedure of the other alloys could be found in Appendix 1.  
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These changes are well described by microstructure analysis and fractography observations 

for each of the obtained results in Fig. (38-41), (45-47). After the testing procedure it was 

expected that hardness would decrease for all alloys with increasing aging time and 

temperature. This expectation was also observed when running the series of accelerated aging 

processes. It was expected that toughness would decrease for 2017, 6082 and for 7075 with 

increasing aging time and temperature, which was observed.  

 

 

Fig.44 3D view of temperature, time and property dependence of each alloy.      
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After SEM investigations of fracture surface of specific 7075 specimens it is clear why impact 

energy is very low at delivery condition, see Fig. 40. With applying the notch as the same 

orientation as for alloy 2017 and alloy 6082 and not in short transverse direction, it is 

presumed that 7075 would experience the same behavior in term of toughness as for the other 

alloys. One could conclude that the alloys have been strongly over aged and that is confirmed 

with literature describing the toughness to increase with further over aging and with 

decreasing yield strength. The toughness is strongly dependant on grain size and where 

particles are distributed. The softer state with hefty over age and high toughness is truly a 

result of coarsening of stable particles for certain alloy. Alloy 6082 experienced the highest 

value of impact toughness 100 (J) and the lowest hardness as well. This behavior was 

presumed to occur due to stable Mg2Si precipitates but would be verified with TEM 

investigations. It is plausible for alloy 2017 that the low hardness values and high toughness is 

a result of coarsening of Al2Cu precipitates because of the Mg/Si ratio is minor than 1.  

 

The decrease in hardness and increase in fracture toughness for alloy 7075 is truly the cause 

of MgZn2 precipitates. It is although not likely that stable Θ precipitates will form from 

natural aging for 30 years in 30°C either for T4 or T6 ―peak conditions‖. The results in 

hardness show that it has decreased with 50, 50 and 60% for the alloys 2017, 6082 and 7075 

respectively compared to original delivery condition. The reason why hardness is increased 

when increasing in temperature while the aging time is the same could be because of the 

orientation of fibers in relation to in which direction the notch has been applied. It could also 

be small variations in hardness measuring perfection.  

 

Even though the calculated activation energies evaluated using Kissinger plots agree with 

earlier investigations, it should be known that it is not verified with professional guidance 

especially concerning the baseline method applied to the DSC graphs.  
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Microstructure 

 

The microstructures attained by the optical microscope is presented for each alloy. The 

recognized particles, seen in Fig. 45(a,b) as dark formations in LOM, are truly Al2Cu portions 

and or AlCuMgSi formations. The bright surrounding area is α –Al based solid soultion. Fig. 

45 (b) presents the last reaging step (in 370 °C for 180 minutes) what should be growth of 

precipitations or new precipitates.   

 

 

 

 

 

 

 

 

 

 

 

Fig.46(a) below presents the microstructure of the 6082 alloy. The dark formations are truly 

Mg2Si coarsening and the bright surrounding area is α –Al based solid soultion. Fig. 46(b) 

presents the last reaging step (in 480 C° for 180 minutes) what should be growth of 

precipitations or new precipitates. 

 

Fig.45 (a) Shows the microstructure of the 2017-T4 alloy after over aging at 300 

°C for 180 minutes (1000X). Fig.45 (b) shows the microstructure after re-aging at 

370 °C for 180 minutes (1000X). 

b
 a 

 

a 
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Fig.47 below presents the microstructure of the 7075 alloy. The dark formations are what 

should be MgZn2 portions coarsening and the bright surrounding area is α –Al based solid 

soultion. This step of accelerated aging involved 380 C° for 180 minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.46 (a) Shows the microstructure of the 6082-T6 alloy. Over aged at 400 C° for 180 

minutes (500X). Fig. 46 (b) shows the microstructure after re-aging at 480 C° for 180 

minutes. 

 

Fig.47 Shows the microstructure of the 

7075-T6 alloy. Over aged at 380 C° for 

180 minutes (1000X). 

 

a b 
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 Conclusion 

The conclusions in general that are stated based upon results of testing series and reflections 

regarding the master thesis:      

 

1. Extrapolation of hardness and impact toughness data after different duration at 

selected temperatures showed that the degradation of the mechanical properties cannot 

be efficiently described by Arrhenius plots. Activation energies change with 

accelerated aging temperature and there are too few results from tests to run the whole 

Arrhenius correlation procedure in proper manner. This is a fact for all the tested 

alloys. It will require additional accelerated testing steps to provide more data to be 

able to make a fulfilled conclusion regarding, how the phase transitions could be 

described, in terms of hardness and impact toughness degradation. 

 

2. Results observed in Kissinger plots with data from DSC graphs agreed well with 

literature. Activation energies for first transition in each alloy were; 50 (Kj/mol) for 

grade 2017, 70 (Kj/mol) for grade 6082 and 119 (Kj/mol) for grade 7075.  

 

3. The brittle behavior observed in impact testing for alloy 7075 was explained by 

fractographs in SEM (see Fig.40). The notch was clearly applied in the short 

transverse direction, instead of the long transverse, which is the reason why 

experienced fracture toughness is remarkably low at deliverance. It is of importance 

that notches are made in accurate direction when specimens are to be tested.  
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