
 i

 

 
 

Modelling mechanical properties by analysing datasets 

of commercial alloys 

Johan Zander 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Licentiate Thesis 
 

Department of Materials Science and Engineering 

Royal Institute of Technology 

SE-100 44 Stockholm, Sweden 



 ii

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Modelling mechanical properties by analysing datasets of commercial alloys 

Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan i Stockholm 

framlägges till offentlig granskning för avläggande av teknisk licentiatexamen fredagen den 

30 november 2007 10.30 i konferensrummet, Brinellvägen 23, 4 tr, Kungliga Tekniska 

Högskolan, Stockholm. 

 

ISBN: 978-91-7178-803-0  

ISRN: KTH/MSE--07/57--SE+MAT/AVH 

 

© Johan Zander 2007 

This thesis is available in electronic version at: http://media.lib.kth.se 

Printed by Universitetsservice US AB, Stockholm 



 iii

Modelling mechanical properties by analysing datasets of commercial 

alloys 
Johan Zander 
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Stockholm, Sweden 

Abstract 

Commercial alloys are continuously developed to improve their performance. Therefore it 

is important to develop new optimisation software, which could be used in development of 

new materials or in materials selection. In this study the mechanical properties which are 

important in materials selection in mechanical design are investigated. Two types of materials 

are analysed, aluminium alloys and stainless steels but focus will be on the aluminium alloys. 

Thermodynamic analysis has been used to evaluate the effect of the microstructure. Solid 

solution hardening has been successfully modelled for both aluminium alloys and stainless 

steels and follows the theories by Labusch and Nabarro. The precipitation hardening is most 

dominant for the hardenable aluminium alloys, but the non-hardenable alloys also increase 

their strength from precipitation hardening. The non-hardenable alloys are divided into 

tempers, which differ in the amount of strain hardening. This has also been modelled 

successfully. 

Combining these fundamental results with multiple regression, models for mechanical 

properties have been created. Separate models are developed for wrought aluminium alloys 

and stainless steels. For the aluminium alloys this includes the solid solution hardening and 

the precipitation hardening. For the stainless steels the thickness, nitrogen content and ferrite 

content are included together with the solid solution hardening. 

 

Keywords: Aluminium alloys, modelling, material optimisation, mechanical properties, solid 

solution hardening, precipitation hardening, work-hardening, multiple regression, stainless 

steel 
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1. Introduction 

 

Aluminium alloys have a wide range of applications due to the large variety in 

mechanical properties. This is demonstrated by comparing the mechanical properties of two 

different alloys. The yield strength for the low alloyed AA1199 in the annealed state is 

approximately 20 MPa which is less than 1/30 of the strength of the Al-Zn alloy AA7001 in 

the artificially aged temper. An increase in strength generally reduces the ductility, but it is 

still about 10% for the AA7001 alloy compared to 40% for the annealed AA1199 alloy 

(elongation to failure for an A5 test). One important example of application is within the 

transportation sector where aluminium alloys are used due to their high specific strength 

(strength divided by density). Other important applications are architecture (decorative 

aspects), packaging (corrosion resistance and non-toxic) and heat exchangers (high thermal 

conductivity and corrosion resistance), etc.  

To be able to extend this list to more demanding applications the material needs to be 

developed even further. One useful tool for this is materials optimisation which makes use of 

quantitative composition-microstructure-property relations. With such relations it is possible 

to explain why the mechanical properties differ as much as they do in the example given 

above. To reduce the development time automatic procedures should be employed. Materials 

optimisation is the ideal tool also for this.  

The present study is part of a research project called MATOP [1], where tools for 

integrated optimisation of materials are developed. The concept materials optimisation usually 

deals with finding the optimum material among existing materials for a given product. It 

could also mean finding a completely new material, which includes both new alloy 

composition and heat treatment optimisation. To be able to perform such an optimisation we 

have to gain knowledge of the composition-microstructure-property relations. After an 

optimisation either a similar material to the one predicted can be chosen or the materials 

producers can be convinced to produce the new material. In this work such relations are 

analysed for the mechanical properties for aluminium alloys and for stainless steels. Since 

strength influences many properties, it is also important to gain knowledge of the physical 

background of the strengthening mechanisms. Both the solid solution hardening and the 

precipitation hardening are covered. The solid solution hardening was treated using the 

models from Labusch [2] and Nabarro [3], and the precipitation hardening theories by 

Orowan. From the database AluSelect [4] property data and composition data were collected. 
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The microstructures were calculated with ThermoCalc using the database COST2 [5] and 

TTAL5 [6]. The information collected from ThermoCalc was the amount of phases and 

elements in solid solution. From these data together with available models for different 

hardening mechanism, models are created for several types of mechanical properties. With 

this kind of information it will be possible in the future to develop new materials for 

demanding applications.  

The purpose of the present work is to create composition-microstructure-property 

relations for aluminium alloys (including both the hardenable and the non-hardenable) and 

stainless steels (both duplex and austenitic). These relations will then be used to predict the 

mechanical properties in material design. In addition the mechanisms behind the 

strengthening are also analysed. 

 

2. Materials optimisation 

 

Traditionally the selection of materials in mechanical design is often made in the 

following way. One chooses between a few materials which have been used for similar 

components before. This often leads to a conservative choice. One also misses newly 

developed materials which may be suitable for the specific component. A small change in the 

design of the component can be crucial since the present material may no longer be the 

optimal one. The former situation may be even more critical if the environment is changed 

which could lead to failure if the same material is used [7]. Therefore a systematic procedure 

is advantageous when one is selecting a new material for a product. 

For a general review of materials selection, see the book “Materials Selection in 

Mechanical Design” by Ashby [8]. The procedure for materials optimisation in mechanical 

design is divided into two parts, one discriminating and one optimising part [7]. The 

discriminating part includes requirements that have to be fulfilled and does not influence the 

final size of the component. Discriminating material properties can be divided into three 

general types; one for usage, one for manufacturing and one for availability. Usage 

restrictions could be due to the environment, mechanical strains or physical performances that 

have to be fulfilled. The environment gives requirements on the corrosion properties, the 

temperature capability of the material, etc. The mechanical strains give restrictions to 

ductility. A heat exchanger would have demands on the thermal conductivity. Manufacturing 

also gives a number of restrictions on properties. Such discriminating properties could be 
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weldability and hardness. A hard material is more difficult to form and machine and requires 

more advanced manufacturing techniques. The possibilities of surface treatment are also 

included in the manufacturing part. The availability properties are not material properties in 

the conventional sense, but they can be handled in a similar way to those in materials 

selection. Examples of such properties are the material price, and the availability of a specific 

product form [9].  

 

2.1 Representation of technological properties 

 

Some properties are much more difficult to compare between different groups of 

materials than for example physical properties which one can measure with high precision. 

Examples of properties which are often difficult to compare between different groups of 

material are corrosion properties, machinability, weldability, etc. The representations of such 

properties can be given at different levels of precision. A low level of precision is when the 

property is represented by an index where the highest or lowest number (depending on the 

source) describes how well the material operates in a specific environment or how easy it is to 

manufacture the material, etc. The indices are often the result of expert judgment rather than 

of direct measurements. At a higher level of precision the technological properties are related 

to measured values. For steels different levels of precision are available for the machinability, 

the cold formability and corrosion properties etc. For the cold formability the second level of 

precision is the strain hardening exponent n and the anisotropy index R. Higher level of 

precision for the cold formability is the forming limit diagram for the given operation, e.g. 

sheet forming. For the machinability the second level of precision is a rating according to 

maximum cutting speed, or a similar property depending on the operation. The highest level 

of precision is the maximum cutting speed for the actual working process under given 

conditions. For the corrosion property the highest level of precision needs corrosion data for a 

specific corrosion type in a specific environment. For uniform corrosion these data are 

expressed in terms of corrosion rate in mm/year. Depending on how critical a property is for a 

given application, different levels of precision are used [7, 9]. To be able to perform a 

discriminating search one has to have access to a large amount of property data for a large 

number of materials [10]. 
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2.2 Discriminating search 

 

The basic principle of the discriminating part of the materials selection is that all 

requirements on discriminating properties should be satisfied. This means that the result of the 

discriminating search is a list of materials fulfilling all the requirements. Attempts to work 

with materials that only partially satisfy the requirements have not been very satisfactory. The 

resulting list is not ranked so there is no way yet of telling which the optimum material is. 

After the discriminating part one typically has a few families (groups) of materials for 

example aluminium alloys and stainless steels for which there are candidate materials 

satisfying the requirements on discriminating properties.  

 

2.3 Optimisation 

 

The next task is to find the optimum material for the given component. This task makes 

use of the sizing material properties. A property is by definition called sizing if it influences 

the final dimensions of a component [7]. Examples of sizing material properties are Young’s 

modulus, yield strength, and fracture toughness. If we take a parcel carrier to a bicycle as an 

example, it has to support a minimum load. Choosing a high strength steel would require 

smaller dimensions compared to for example a thermoplastic which is much softer.  

To progress with the optimisation one has to rank the materials in one way or another. 

This is usually done by minimising a target function Lk [10], which could be the component 

volume V
kL , weight w

kL  or cost c
kL defined as Eqs. ( 1)-( 3): 

 ( )pVLV
k =  (1) 

 ( )pVLw
k ⋅ρ=  (2) 

 ( )pVcL k
c
k ⋅⋅ρ=  (3) 

where V is the volume of the component which depends on a geometrical variable p such as 

thickness, ρ is the density and ck is the material cost per unit weight. p is always restricted by 

geometrical design criteria due to manufacturing reasons or requirements for the finished 

component. Thus a minimum and a maximum value always exist for the geometrical variables 

[9, 11]. 
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where p1 is the lower and p2 the upper limit. Criteria for sizing properties often take the form  

 D
p

Ag m
D

D ≤=  (5) 

where D is the sizing property value and AD and m are constants. D can for example be the 

characteristic strength σchar or Young's modulus E. For these properties AD can be given 

somewhat more explicitly  

 sFfBA σσ =  (6) 

 
2Δ

=
FBA EE  (7) 

Bi are new constants. F is applied force, fs a safety factor and Δ2 the maximum allowed elastic 

deflection. The criterion (5) can now be expressed as: 

 s

char
max fp

FB
m

σ
≤=σ

σ

σ

 (8) 

 
1max Δ≤=Δ

Em
E

p

B
E
F

 (9) 

Eqs. ( 8)-( 9) express that the maximum stress in the component should not exceed the 

characteristic strength divided by a safety factor and that the maximum deflection should not 

be larger than a specified value. The constants Bσ, BE, mσ, and mE depend on the geometry of 

the analysed component. For each of the design criteria a corresponding merit parameter QD is 

introduced. As an example the merit parameter is calculated for a pressure vessel [7]. The 

material cost is given by Eq. ( 3) where V is equal to the area A times the thickness, t. The 

thickness t has a geometrical lower limit, tl, which is equivalent with Eq. ( 4) and a limit to 

avoid plastic deformation, Eq ( 8). For a pressurized container F in Eq. ( 8) is the internal 

pressure P, Bσ is the radius of the vessel R and σmp  is simply the thickness, t. The cost of the 

vessel can now be expressed as: 

 ⎥
⎦

⎤
⎢
⎣

⎡ ⋅⋅
⋅⋅⋅= 1,max t

RPf
cAL

char

s
k

c
k σ

ρ  (10) 

For a high strength material it is the geometrical limit that determines the thickness and for a 

lower strength material it is the left part in the brackets of Eq. ( 10) that determines the 

thickness. This corresponds to two different merit parameters, Qt and Qσ. The merit 

parameters are defined as the inverse of the material dependent properties in Eq. ( 10). In the 
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situation when the characteristic strength is determining the strength the merit parameter takes 

the form: 

 
k

char
t c

Q
⋅

=
ρ
σ  (11) 

For high strength material where the thickness is determined by the geometrical limit the 

merit parameter takes the following form: 

 
k

t c
Q

⋅
=
ρ

1  (12) 

The merit parameter in Eq. ( 12) is only considered if the characteristic strength is stronger or 

equal with lim
charσ , which for the pressure vessel is defined as: 

 
1

lim

t
RPf s

char
⋅⋅

=σ  (13) 

In principle each design criterion can give different optimum materials. In the example with a 

pressure vessel we had two corresponding merit parameters, but depending on the component 

there could be other merit parameters as well. For each design case Lk is calculated and the 

material which gives the lowest value is the optimum one. The procedure of materials 

selection and optimisation is summarised in four steps: 

i) Set up a design criteria 

ii) Elimination of materials: Eliminate candidates that do not fulfil the requirements 

on discriminating properties. 

iii) Include the sizing properties, which are properties responsible for the final design. 

iv) Optimisation: Rank the material using a merit parameter. The lowest or highest 

value (depending on how the merit parameter is defined) gives the optimum 

material. 

A recent development in materials optimisation is to describe the properties using 

multicomponent phase diagram calculations following the CALPHAD approach [12]. The 

CALPHAD approach is a mathematical description of the thermodynamic properties of the 

phases of interest. Once the thermodynamics of the various phases are defined, phase 

equilibria can be calculated using Gibbs energy minimisation. The amount of elements in 

solid solution and the volume fraction together with the composition of the phases for a 

particular alloy composition and heat treatment can be computed. With the help of these 

thermodynamic models the microstructure of materials can be predicted in many cases.  

The microstructure information can be linked to the mechanical properties. The basic 

approach to make this possible is first to describe the effect of individual solutes on the 
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mechanical properties, and later combine this with the effect of other solutes. Describing the 

effect from different phases to the mechanical properties is done in a way similar to that of the 

solutes. In this way relations between the microstructure and properties can be established, 

and it is also for possible to predict property values. This can be done for existing materials 

but also new compositions of potential interest. With this approach it is thus possible to 

include non-existing materials in the materials optimisation. This also makes it possible to 

establish properties values when measurements of the properties are not available for an alloy.  

The correlation between microstructure and properties does not need to be performed for 

all properties of relevance for a given component. Sometimes it is easier to correlate a 

property to another property with an equation and use the first microstructure correlation. Of 

particular significance is the strength of the material which affects all mechanical properties 

and many technological properties. Finally the predicted results must be verified against 

experimental values and if the models are satisfactory, they can be used as a tool in materials 

optimisation.  

Thus two main options exist in materials optimisation: i) find an existing alloy that is 

sufficiently close to the optimum one, or ii) produce a completely new material with the 

optimum composition and heat treatment. Cost is always considered and to produce a 

completely new material is more costly compared with using an existing one. Therefore the 

performance must be much better for the non-existing material to even consider the second 

option. 

 

3. Survey of properties of aluminium alloys 

 

3.1 Microstructure and chemical composition 

 

The aluminium wrought alloys are divided into two families, the non-hardenable (also 

called non heat treatable) and the hardenable (heat treatable). The typical alloy compositions 

for the main elements are given in Table 1. The models constructed here for the aluminium 

alloys are only valid within the typical range of the main elements given in Table 1. 
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Table 1. Typical alloy compositions for the alloys that are modelled, the minor element could be added or 

included as an impurity. All data are in weight% [4]. 

Series Typical elements 

10001) Usually only impurities where Si and Fe are the most common. The total amount of 

impurities must be less than 1%. In AA1100 Cu (0.05-0.20%) is added. 

30001) Main alloying element is Mn (0.3-1.5%). Mg (0.2-1.3%) and Cu (0.05-0.25%) are 

usually added. 

50001) Main alloying element is Mg (0.5-5.6%). Mn (0.05-1.1%) and Cr (0.05-0.35%) are 

usually added. 

20002) Main alloying elements are Cu (1.8-6.8%). Mg (0.2-1.8%), Mn (0.2-1.2%) and Si 

(0.1-1.3%) is also usually added. In some alloys Fe (0.6-1.3% in AA2031 and 

AA2618), Ni (0.6-1.3% in AA2031, AA2218 and AA2618), Pb (0.2-1.5% in 

AA2007, AA2011 and AA2030), Bi (0.2-0.6% in AA2011) Ti (0.02-0.1 % in 

AA2219 and AA2618). In AA2219 V (0.05-0.15%) and Zr (0.1-0.25%) are added. 

60002) Main alloying elements are Mg (0.35-1.4%), and Si (0.2-1.8%). Other common 

elements are Cu (0.15-1.2%), Mn (0.05-1.1%), Cr (0.04-0.35%) and Fe (0.1-0.3%). 

In AA6262 Pb (0.4-0.7%) and Bi (0.4-07%) are added. 

70002) Main alloying element is Zn (0.8-8.2%). Cu (0.3-2.6%), Mg (0.8-3.4%), Cr (0.06-

0.35%), Mn (0.05-0.8%), Zr (0.08-0.2%) and Ti (0.01-0.1%) are also usually added. 
1) Non-hardenable alloys, 2) Hardenable alloys 

 

Chromium generally does not exceed 0.35%, and is sometimes added to the 5xxx, 6xxx 

and 7xxx series. In the other alloys it may occur as an impurity. If more Cr is added coarse 

constituents can form together with other elements, which will deteriorate the strength and 

ductility of the alloy. Cr is often added to control the grain structure and prevent 

recrystallization during the heat treatments for the 6xxx and 7xxx series [13]. Copper is the 

main element in the 2xxx series and is added to increase the strength and hardness, but only 

up to approximately 6%. If magnesium is added together with Cu, the strength can be 

increased even further [14]. Except for the 5xxx series all systems have some alloys where Cu 

is added to increase the strength. Almost all alloys include iron as an impurity, which due to 

its low solubility always appears as intermetallics with the other alloying elements and 

therefore reduces the ductility. Iron is added to increase the strength at elevated temperatures 

[14]. Magnesium is the main element in the 5xxx-series and in the 6xxx-series, in the latter 

case together with silicon. Mg has a solubility over 17% in aluminium and strongly increases 
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the strength without decreasing the ductility (except for low Mg contents) [14]. If manganese 

is added together with magnesium, the strength will increase further but at the cost of a 

decrease in ductility. In the other alloys (2xxx, 6xxx and 7xxx) manganese is added to 

increase strength and to control the grain structure due to an increase in recrystallization 

temperature. Another positive effect of manganese is that it makes the iron constituents less 

harmful. To prevent large intermetallics the total amount of Mn, Fe and Cr should be less than 

2% [14]. Silicon is always present as an impurity in all series, and in the 6xxx-series it is 

added to form Mg2Si-precipitates. In the 2xxx-series it is sometimes added up to 1% to 

prevent the cracking tendency [14]. Zinc is the major element in the 7xxx-series and has a 

small influence on the strength on its own. Together with magnesium it strongly increases the 

strength, but the corrosion resistance is lowered. To avoid stress corrosion the ratio of Zn-Mg 

should be close to 3:1 and copper or chromium may be added. If copper are added to the Zn-

Mg alloys the strength are increased even further. These alloys are the strongest of all 

commercial alloys [14]. Other common elements are nickel and titanium. Nickel can be 

present in the 2xxx-series to improve the strength. Titanium together with boron is added as a 

grain refiner [15]. Bismuth and lead are sometimes added to make the alloy easier to machine 

due to a soft low melting phase. To increase the recrystallization temperature vanadium or 

zirconium could be added. Zirconium also inhibits recovery. 

The main difference between the hardenable alloys and the non hardenable alloys is how 

they respond to precipitation hardening. In the hardenable alloys ageing treatments produce 

finely dispersed precipitates which act as barrier to the dislocation motion and give an 

increase in strength. In the non-hardenable alloys the strength can be increased by cold-

working operations which produce a substructure with high dislocation density which 

increases their strength. 

 

3.1.1 Hardenable alloys 

 

The alloys which respond to precipitation hardening are the Al-Cu(-Mg) (2xxx), Al-Mg-

Si (6xxx) and Al-Zn (7xxx) types. A requirement is that some of the alloying elements show a 

decrease in solid solubility with decreasing temperature. If they did not have this 

characteristic no precipitates could be formed during the heat treatment. Three stages are 

normally included during the precipitation: i) Solution treatment in the single phase region to 

dissolve the alloying elements (the area marked with a in Figure 1). ii) Quenching to room 
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temperature to achieve a supersaturated solid solution (SSSS) of the elements (area b). iii) 

The actual precipitation process takes place, which is a controlled decomposition of the 

(SSSS) to finely dispersed precipitates. The last step can be performed at room temperature 

for a long time (natural ageing) or at higher temperatures for artificial aging (area c) [16]. 

 

 
Figure 1. The aluminium rich side of a Al-Cu phase diagram with the equilibrium lines for the Guinier-Preston 

Zones (GPZ) and the intermediate θ-phases (θ´ and θ´´) [16]. 

 
The precipitation sequences for the major systems and their equilibrium precipitates together 

with their shapes are summarised in Table 2: 

 
Table 2. Precipitation-hardening sequences for different groups of the hardenable aluminium alloys [17]. 

Alloy Sequence of precipitates Equilibrium precipitate

Al-Cu Zones (discs) → θ´´ (discs) → θ´ (plates) θ (CuAl2) 

Al-Cu-Mg Zones (rods) → S´ (laths) S (Al2CuMg) 

Al-Zn-Mg Zones (spheres) → η´ (plates) η (MgZn2) 

Al-Mg-Si Zones (rods) → β’’ (needles)→ β´ (rods) β (Mg2Si) (plates) 

 

The precipitation steps normally starts with ordered Guinier-Preston Zones (GPZ) [18]. The 

GPZs are fully coherent with the matrix and are formed by diffusion of atoms which is 

assisted by the vacancies that are formed during the quenching. The densities of these GPZs 

could be as high as 1025 m-3 [19]. The intermediate precipitates are formed from the zones, 

which in the Al-Cu system are the θ’ and θ’’ [19]. They are much larger than the GP-zones 
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and only partly coherent with the matrix. The intermediate precipitates usually have definite 

compositions, which only differ slightly from the equilibrium precipitates. However this is not 

true for the β and η particles where the equilibrium phase is Mg2Si and MgZn2 and the 

intermediate β´´ has a composition close to MgSi [19] and η’ has a measured range 1:1 to 

1:1.5 rather than 1:2 [18]. The intermediate precipitates may nucleate either from or at stable 

GPZ, or heterogeneously at lattice defects (for example at dislocations). The final equilibrium 

precipitates are coarse and non-coherent to the matrix, and only formed at rather high aging 

temperature. The equilibrium precipitates only gives a small contribution to the strength and a 

normal precipitation procedure stops before these stable phases are formed. The natural aging 

will continue, but the rate of increase in strengthening will be very low (almost non-existing) 

after some time. For the artificial aging the hardening curve reaches a maximum point, which 

is represented by the critical size of the precipitate. If the precipitation continues the 

precipitates will grow and the material gets softer. An alloy in this state is overaged, which is 

sometimes useful if the material will be used in a hot environment. The precipitation sequence 

is illustrated in Figure 2 a-c for a binary Al-1.7Cu alloy [16], an Al-Mg-Si alloy [20] and an 

Al-Zn-Mg alloy [21]. The temperature and holding time are strongly dependent of the alloy 

composition, but all hardenable alloys show a similar behaviour. The rate of ageing increases 

with increasing temperature and the peak hardness is progressively reduced as the ageing 

temperature is raised [17]. 

 

 
Figure 2a. Hardening response for a binary Al-1.7Cu 

alloy at two different temperatures [16]. 

 
Figure 2b. Hardening response at precipitation for a ternary Al-

Mg-Si alloy [20]. 
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Figure 2c. Hardening response for a ternary Al-Zn-Mg alloy [21]. 

 

For the 2000-series the θ’- (Al2Cu) or S’-precipitates (Al2CuMg) are responsible for the 

strength increase. For the 6000-series it is mainly the β’’-precipitates (MgSi) and for the 

7000-series it is the η’- (MgZn1-1.5) or T’-precipitates (Mg32[Al,Zn]49). In Figure 3 TEM-

pictures show these typical precipitates and also give some information of the typical sizes. 

 

 
Figure 3a. TEM-picture of a θ’-precipitates for a copper-

based alloy with magnesium, manganese, silver and zinc 

[22]. 

 
Figure 3b. TEM picture of an AA6005-alloy 

showing the β’’ and the β’-precipitates [23]. 
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Figure 3c. TEM-picture of the η’-precipitates from an Al-Zn alloy with addition of magnesium and copper [24]. 

 

3.1.2 Non-hardenable alloys 

 

Alloys where work hardening is used to increase the strength include commercially pure 

aluminium alloys (1xxx), the Al-Mn (3xxx) and the Al-Mg (5xxx) alloys. The hardening 

occurs due to an increase in dislocation content. The work hardening is usually introduced by 

cold rolling. Elements in solid solution influence the work hardening for example by 

decreasing the mobility of dislocation which makes them a more effective barrier which 

increases the strength even further. Therefore the model for the work hardening will include a 

term for the amount of solid solution. Figure 4 and Figure 5 demonstrate how the yield 

strength and elongation are influenced by cold rolling operations.  

 

 
Figure 4. Yield strength data for four typical non hardenable aluminium alloys, AA1100, AA3003, AA5050 and 

AA5052. Data are taken from Hatch [14]. 
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Figure 5. Elongation data for four typical non-hardenable aluminium alloys, AA1100, AA3003, AA5050 and 

AA5052. Data are taken from Hatch [14]. 

 

As can be seen from the figures the yield strength is strongly influenced by the cold rolling in 

the initial state and followed by a slower increase. Another conclusion is that the elongation is 

strongly reduced by the cold rolling in the initial state followed by a more gradual decrease 

for the higher reduction values. The fully hard condition, Hx8, is cold worked to 

approximately 75% reduction. Hx6, Hx4 and Hx2 are conditions with smaller reduction. If the 

alloy is annealed at a sufficiently high temperature we get a soft alloy with no remaining cold 

work which is the annealed temper, O. The hardenable alloys also respond to work hardening 

(the T8 is an example of a temper where deformation takes place after the heat treatment) but 

compared to the non-hardenable alloys the relative increase is much smaller. 

Due to the high stacking fault energy in aluminium a cellular substructure is formed when 

the material is deformed by accumulation of dislocations. An increase in the work hardening 

both increases the dislocation density and reduces the size of these cells. These two 

mechanisms are the source of the strain hardening in the non-hardenable alloys. The 

dislocation density for a fully hard Hx8-temper is approximately 1016 m-2 compared to 

approximately 1011 m-2 for an annealed alloy according to Polmear [19]. 

 

3.2 Mechanical properties 

 

The mechanical properties modelled in the present study all come from the European 

database AluSelect [4]. The covered properties include the tensile strength, Rm, yield strength, 
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Rp0.2, shear strength, RG, hardness, HB and HV, fatigue endurance limit for 108 cycles σD and 

elongation, A5 and A50mm. Some of the property values are summarized in Table 3 and Table 4 

for each series. AluSelect values are given for the soft annealed O and the fully hard Hx8 

temper for the non-hardenable and the artificially aged T6 temper for the hardenable alloys.  

 
Table 3. Range of the mechanical data analysed for the non-hardenable aluminium alloys investigated. All data 

are taken from AluSelect [4]. 

Series Rp0.2, MPa Rm, MPa HB A50 mm,% 

1000 O: 20-40 

Hx8: 110-150 

O: 55-90 

Hx8 120-160 

O: 18-23 

Hx8: 38-45 

O: 35-40 

Hx8: 5 

3000 O: 45-75 

Hx8: 180-250 

O: 105-180 

Hx8: 200-285 

O: 29-45 

Hx8: 55-75 

O: 25 

Hx8: 6 

5000 O: 40-160 

Hx8: 170-350 

O: 110-320 

Hx8: 190-405 

O: 28-70 

Hx8: 53-110

O: 22-26 

Hx8: 8-9 

 

Table 4. Range of the mechanical data analysed for the hardenable aluminium alloys investigated. All data are 

taken from AluSelect [4]. 

Series Rp0.2, MPa Rm, MPa HB A50 mm,% 

2000 O: 70-85 

T6: 300-425

O: 170-190 

T6: 395-485

O: 45-55 

T6: 110-140

O: 18-22 

T6: 8-12 

6000 O: 50-85 

T6: 210-350

O: 100-160 

T6: 245-395

O: 25-45 

T6: 75-120 

O: 26 

T6: 11-12 

7000 O: 80-120 

T6: 240-630

O: 180-255 

T6: 290-665

O: 55-60 

T6: 90-160 

O: 14-20 

T6: 10-12 

 

The strongest materials can be found among the hardenable alloys in the artificially aged T6 

temper. Among these the 7xxx and the 2xxx alloys are the strongest. The alloys within the 

non-hardenable alloys with the highest strength are the 5xxx alloys which have approximately 

the same strength as the 6xxx alloys. In the annealed state there is no major difference 

between the two groups, except for the 1xxx alloys, which are superior in the ductility. The 

yield strength varies between 20 MPa for the softest material to 630 MPa for the hardest 

materials among the investigated alloys and the elongation varies between 5 and 40%. 
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4. Modelling  

 

Three major hardening mechanisms are modelled for the commercial alloys, the solid 

solution hardening, the precipitation hardening and the work hardening. All these mechanisms 

are well studied in the literature. 

 

4.1 Modelling the solid solution hardening 

 

To accomplish high solid solution hardening the elements must have a high solubility at 

the annealing temperature, remain in solid solution at room temperature and not react with 

each other. In Table 5, the maximum solubility in binary aluminium alloys are listed for some 

elements. 
 

Table 5. Solid solubility of different elements for binary aluminium alloys [14]. 

Solid solubility Ag Cr Cu Fe Mg Mn Si Zn 

Atomic% 23.8 0.40 2.48 0.025 16.26 0.90 1.59 66.4 

Weight% 55.6 0.77 5.67 0.052 14.9 1.82 1.65 82.8 

 

From Table 5 we see that silver, copper, magnesium and zinc have high or rather high 

solubilities. Silver is rarely used in commercial alloys due to its high cost. Manganese and 

silicon do not contribute much to the solid solution hardening since they easily react with 

other elements. Manganese reacts with aluminium to form Al6Mn particles and silicon forms 

Mg2Si or reacts with manganese and iron. Almost no iron is in solid solution in commercial 

alloys, since they easily form particles such as Al13Fe4 and AlFeSi-α. Copper does not 

contribute much to the solid solution hardening either since it easily reacts with aluminium to 

form Al2Cu. Chromium, which has a low solubility, reacts with the aluminium and form 

Al13Cr2. Only zinc and magnesium are left together with the copper that does not form Al2Cu. 

The data in Table 5 can be compared with the solubility in the commercial alloys that are 

modelled, see Table 6. The alloy chosen for each element is taken from papers 2 and 3, and is 

the one with the highest content of that specific element. As an example, no alloy other than 

AA7076 contains as much as 7.50 wt% zinc, therefore this alloy is included in Table 6.  
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Table 6. Maximum amount of element in the commercial aluminium alloys together with the amount of element 

in solid solution (SS) calculated from ThermoCalc using the TTAL5 [6] database. The alloy from where the data 

are taken is specified under each element. 

content Cr 

AA7001 

Cu 

AA2219

Fe 

AA2618A

Mg 

AA5056

Mn 

AA3003

Si 

AA6070 

Zn 

AA7076

Max. in alloy 

(wt.%) 

0.26 6.30 1.15 5.10 1.25 1.35 7.50 

Max. in alloy 

(at.%) 

0.14 2.78 0.57 5.66 0.62 1.31 3.26 

Max. in solid 

solution (at.%) 

0.09 1.37 0.00 5.43 0.09 0.59 2.43 

 

From Table 6 some conclusions can be drawn about possible candidates for major 

contributions to the solid solution hardening. These candidates are copper, magnesium and 

zinc, and to some extent also silicon. The other elements have less than 0.1% in solid solution 

which means that their total contribution to the solid solution hardening will be very low. 

The magnitude of the solid solution strengthening is determined by the two misfit 

parameters εb and εG which are strains in the matrix obtained by difference in size or shear 

modulus when a solute atom is placed in the matrix. The misfit-parameters are defined in Eqs. 

( 14)-( 15): 

 cb
b

b d
d

=ε
 (14) 

 cG
G

G d
d

=ε
 (15) 

where b is Burgers vector, G is the shear modulus and c is the fraction of elements in solid 

solution in atomic percent. Labusch and Nabarro [2, 3] combined these two parameters and 

related the solid solution hardening to a parameter called εL. This relation has been 

experimentally verified for aluminium [25], nickel [26] and stainless steels (paper 1). 

According to Labusch-Nabarro the relation between the misfit-parameters and the strength is 

defined by Eq. ( 16): 

 
3/43/2

mNL fcK ⋅⋅=−σ  (16) 

where K is a constant depending on the shear modulus and the burgers vectors, fm is the 

interaction force between a dislocation and the solute. This force,  fm is given by: 
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Manganese gives a stronger contribution to the solid solution hardening compared to 

magnesium per atomic percent, which is explained by the difference in misfit parameters. 

This was also verified by Ryen et. al. [27] who compared stress-strain curves for alloys with 

varying amounts of manganese and magnesium. Their approach to the solid solution 

hardening was of the type: 

 
n

pure cS ⋅+= σσ  (18) 

where σpure is the flow stress of a pure metal and S and n are constants. In the Labusch-

Nabarro theory the constant n is equal to 2/3 but for Ryen the best fit for magnesium was 

approximately 1 and for manganese 0.9 or 0.75 in the high purity alloys. The data from the 

ASM Handbook [25] state a linear relation between c and the strength. In a model by Doherty 

[28] n equal 2/3 was successfully used when modelling the solid solution hardening for both 

binary and ternary alloys. For the ternary alloys their model has the following appearance, 

where i and j are different solutes [28]: 

 
3/23/2

jjiiAl cScS ⋅+⋅+= σσ  (19) 

The S parameters are proportional to the size misfit parameter, and Eqs. ( 18)-( 19) therefore 

follow the theories by Labusch-Nabarro. This approach is in principle the same as the one 

used here, but in our model we expanded Eq. ( 19) to all elements in solid solution (papers 2 

and 3).  

 

4.2 Modelling precipitation hardening 

 

Precipitation hardening is the dominant hardening mechanism for hardenable alloys but is 

less important for non-hardenable alloys. In general precipitates are responsible for 

approximately 80% of the strength in hardenable alloys and only about 10% or less in non-

hardenable alloys. 

The first hardenable aluminium alloy discovered was an aluminium-copper alloy called 

duralumin (4% copper, 0.5% magnesium and a small amount of manganese). This alloy was 

discovered in 1911, and the precipitates responsible for the hardening was the θ’’-phase 

CuAl2 [17]. Precipitation hardening depends on the strength, structure, spacing, size, shape 

and distribution of the precipitates [29]. The spacing between the precipitates is 
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approximately linear to the particle size for a constant volume fraction if the amount is small 

and the particles are uniformly distributed. The sizes of the hardening precipitates range from 

approximately 1 to 100 nm in size [17]. Precipitates radii and distances between the 

precipitates were modelled via Monte-Carlo calculations by Kizler et al. [30]. The result from 

these calculations gave rather large variations in both radii and distances for most alloys. In a 

paper by Mohles et al. [31] the influence of distances between precipitates was calculated. He 

examined two extreme cases, one with totally distributed precipitates and one where the 

precipitates formed clusters. According to Mohles the strongest case was the former case 

when the particles were totally separated. In a normal alloy the situation is somewhere 

between these two extreme cases. If we have a cluster formation there would be a decrease in 

strength with approximately 10% and in the totally separated case an increase in strength with 

approximately 10%, compared with the normal situation [31].  

If the precipitates are below a critical size, approximately 5 nm, the dislocations will 

shear the precipitates, which is sometimes called precipitate resistance [29]. Five different 

shearing mechanisms are possible which give different contributions the strength. Figure 6 

illustrates the cutting mechanism, where TL is the dislocation line tension, λ is the distance 

between the obstacles and φ  is the breaking angle, which is a measure of the strength of the 

obstacle, F [17].  

 

 
Figure 6. Dislocation held up at array of point obstacles, where T = TL is the line tension of the dislocations, λ is 

the distance between obstacles, F is the strength of the obstacles, R is the radius of curvature of the dislocation, 

φ  is the breaking angle [17]. 

 

1 Chemical strengthening: The additional particle/matrix interface that arises when the 

particle are sheared requires energy to be created. The increase in shear strength is due 

to this mechanism: 
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/2

195.1 γσ  (20) 

where M is the Taylor factor (≈ 3.06), G is the shear modulus, b is the burgers vector, 

γm/p is the specific energy of the precipitate-matrix interface, f is the volume fraction of 

the precipitates and r is the particle radius. Eq. ( 20) proposes that the strength is 

reduced for larger particles, which is not observed. Therefore this mechanism is 

usually ignored [17]. 

2 Stacking-fault strengthening: This mechanism occurs due to differences in the 

stacking-fault energies between the matrix and the particle. The strength due to this 

mechanism is proportional to Δγsf and fr ⋅ , where Δγsf is the difference in stacking 

fault energies [17].  

3 Modulus strengthening: Differences in the elastic moduli between particle and matrix 

can act as a barrier for the dislocations, which increases the strength. In an attempt by 

Melander and Persson [32] this effect was modelled as Eq. ( 21), where the line tension 

TL of the dislocation is replaced by Gb2/2: 

 ( ) ( )( )[ ] frbfrG
bG

M ⋅⋅⋅⋅⋅
⋅

⋅⋅=
− 2/32/3

.mod /2ln116.0 Δσ  (21) 

ΔG is the difference between the shear moduli of the matrix and the particle [17]. 

4 Coherency strengthening: Due to elastic coherency strains surrounding a particle 

where the lattice does not exactly fit the matrix. The increase in strength due to this 

mechanism is modelled as: 

 )(3 2/3
/. rf

b
GM pmcoh ⋅⋅⋅⋅⋅= εσ  (22) 

where εm/p is the misfit strain between the precipitates and the matrix [33]. According 

to Martin [17] the constant 3 should be replaced by a number between 5 and 7. The 

coherency strengthening is most dominant for the Guinier-Preston zones and for the 

metastable precipitates [20]. 

5 Order strengthening: Due to the additional work required to create an antiphase 

boundary (APB) during the passage of dislocations, strengthening takes place. Here 

the ordering in the particle is changed by the passage of the dislocation. The strength 

due to this mechanism is [17], where the line tension TL is replaced by Gb2/2: 

 rf
bG

M apbAPB ⋅⋅⋅
⋅

⋅= 2/3
4

195.1 γσ  (23) 
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where γapb is the energy required to form the APB. Often the dislocations travel in 

pairs and in that case the second dislocation then restores the original order. Eq. ( 23) is 

then transformed to: 
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The order strengthening was also modelled by Kulkarni et al [34] which only differ by 

a factor 2 from Eqs. ( 23). Eqs. ( 23)-( 24) state that different particles give different 

amount of strength contribution due to the difference in APB energy.  

 

In Figure 7, four of the mechanisms are illustrated for varying sizes of the precipitates r using 

a constant volume fraction of 2% in each case. In the equation for the chemical strengthening, 

Eq. ( 20), the energy γm/p are 0.26 J/m2 for a Mg2Si-particle [20]. The value of γm/p depends on 

the coherency and is approximately 0.1 J/m2 for a completely coherent particle and 1 J/m2 for 

a completely incoherent particle [29]. The stacking fault strengthening is not plotted in Figure 

7, since no equation is available. The modulus strengthening includes the shear moduli of the 

precipitates which is 43 GPa for a MgZn2 precipitates [17]. The coherency strengthening 

depends strongly on the misfit strain between the matrix and precipitates. The value of εm/p 

can vary between 0.015 to 0.031 for an Al-Zn-Mg-Cu alloy [33]. In Figure 7 the lower of 

these values is used, which is also a more normal value. The high value of εm/p can only be 

obtained for a spray formed material especially designed to create high coherency 

strengthening [33]. For the order-strengthening Eq. ( 23) is used in Figure 7, where 0.185 J/m2 

is used for the energy formation of APB [34]. This value is taken from an Al-Mg-Sc-Zr alloy. 
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Figure 7. The strengthening as a function of radius of the precipitates for some typical cutting operations. The 

coherency model uses one high and one low value for the strain between the particle and the matrix. The fraction 

of particles f, is 2 volume%. 

 

Except for the chemical strengthening all mechanisms has similar contributions to the 

strength, and the same r-dependence (for small precipitates the modulus hardening behaves 

differently). The dislocation has to overcome all these obstructions to be able to cut the 

precipitates, and therefore the most dominant of them determine the total strength, which is 

strongly dependent on particle type. The chemical strengthening takes only the new interfaces 

that are created into account and not the strength needed to cut the particles. Usually this 

mechanism is neglected when modelling the strength. Except for the chemical hardening, 

which shows a completely different behaviour, all mechanisms can be modelled in a more 

general way [17, 21]: 

 fr
T

MA
L

cut ⋅⋅⋅⋅= 2/31 Δσ  (25) 

where Δ is the particular interaction term, TL is the line tension of the dislocation, often 

assumed to be Gb2/2 and A is a constant. Which of these mechanisms that operates depends 

on the precipitates, but usually it is the coherency or order hardening (APB) [17]. The 

chemical hardening is very small compared to the other mechanisms and does not follow the 

typical appearance (see figure 2, where the time is approximately linear to the radius) of an 

age hardening curve which is more like the coherency or the APB curve. If the chemical 

hardening acts alone the shearing should be easier for larger precipitates and that has not been 

shown experimentally for shearable particles. 



 29

When the precipitates grow during the precipitation the strength F in Figure 6 is increased 

and the dislocation can no longer cut the precipitates. Instead the dislocation will bypass the 

precipitates as illustrated in Figure 8. This occurs when the angle φ  in Figure 6 is equal to 

zero. The strength is now proportional to λ-1, where λ is the distance between the precipitates. 

This means that the more widely the precipitates are spread, the weaker is the strengthening. 

This mechanism is called the Orowan mechanism or dispersed particle strengthening [29]. A 

simple (but adequate) form of the Orowan equation is: 

 λσ /bGMOr ⋅⋅=  (26) 

where σOr is the increase in strength due to the Orowan mechanism, λ is the distance between 

the precipitates which is proportional to r divided by the square root of f [17]: 
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Large precipitates represent large distances between the precipitates and vice versa. Therefore 

λ can be replaced by r and f using Eq. ( 27) [17, 21]. Eq. ( 26) then takes the form: 
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. 
Figure 8. Representation of a dislocation bypassing two particles by the Orowan mechanism [19]. 

 

The mechanism (shearing or bypassing) which gives the lowest resistance is operating which 

implies that there exists a critical size of the precipitate, where the contribution from shearing 

and bypassing is the same. This is illustrated in Figure 9. For an optimal heat treatment the 

sizes of the particles should have this critical size, which produces the strongest alloys. This is 

the aim for the artificially aged alloys. The critical size, where the dislocation goes from 

shearing the particles to bowing around them depends on the type of particles (the obstacle 

strength) and the volume fraction of the hardening phase. Although if the amount of the 
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hardening phase is less than 10%, the distance between the obstacles is rather large compared 

to the particle size, and in that case the volume fraction does not affect the transition between 

cutting and Orowan [29]. In the case of aluminium alloys, the fractions of the hardening phase 

are seldom more than 5%. Therefore it is only the strength of the precipitates that determines 

the critical size for the aluminium alloys and the volume fraction is not taken into account. In 

a paper by Schueller and Wawner [35] the critical radius of a σ-phase (Al5Cu6Mg2) particle 

was as small as 1.35 nm and for the Mg2Si it was calculated to approximately 5 nm [23].  

 

 
Figure 9. Strength incensement versus particle size for particles shearing (solid) and particle by-pass by 

(dashdot) glide dislocations. The fraction of particles f, are 2 volume%. 
 

There are many alternatives to Eq. ( 28), for the Orowan mechanism. Myhr et al [20]: 

calculated the strength with the following equation: 

 ( )
r
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The constant β is a statistical factor accounting for the variations in particle spacings in the 

plane, and according to Myhr [20] equals 0.36. Polmear [18] modelled the precipitation 

hardening with the following simple equation:  
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Eqs. ( 29) and ( 30) were developed for spherical particles which is an ideal case. Many times 

the precipitates are shaped like plates, needles or rods. A model where the shape and 

orientation of the particles are included was developed by Embury [36]: 
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where ν is the Poisson’s ratio, λp is the planar diameter of the precipitate particles and r0 is the 

core radius of the dislocations. Especially the parameter λ is not that straight forward to 

evaluate. The parameter λ varies with shape, orientation and distribution and has been 

estimated for some cases. The relation for λ for plate-like precipitates in the {100}α direction 

is given by Eq. ( 32) [19] and for a rod-like precipitate in the {100} direction by Eq. ( 33) [17], 

where the constants are shortened to two decimals: 

 rr
f

tr
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⋅
⋅= 12.279.029.1λ  (32) 
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f

r
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⋅
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r is the radius and t is the thickness of the discs. Similar calculations are performed for 

different directions and forms of the precipitates. 

Eqs. ( 28) and ( 31) are plotted in Figure 10 below. In Eq. ( 31), Poisson’s ratio is equal to 

0.35, λp was set equal to λ, and the core radius r0 of the dislocation was set to one Burgers 

vector. Eq. ( 31) includes the thickness of the plates, t which was set equal to 5·r.  

 

 
Figure 10. Strength incensement versus particle size for the Orowan mechanism, using Eq. ( 26) for the spheres 

case and Eq. ( 31) for the rods and plates form of the precipitates. The fraction of particles f, are 2 volume% in 

this example. 

 

From Figure 10 one can draw some conclusions: 

● Spheres, rods and plates influence the strengthening in the same manner 
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● The less rigorous approach in Eqs. ( 26)-( 30) where we assume spherical 

precipitates with equal size leads to approximately the same results as for the 

plates and rods [20] 

● For r larger than 20 nm the contribution are approximately the same for all cases 

● At the typical critical size rc = 5 nm the spheres would give a strength 

contribution equal to 440 MPa, and the result for the rods and plates would be 

330 MPa and 290 MPa. At 20 nm the contribution would be 110, 103 and 91 

MPa for the three cases above. 

The shapes of the precipitates have a large influence on the strengthening when r is near the 

critical size, but when they grow the differences vanishes. Using Eq. ( 29) by Myhr et al [20] 

instead of Eq. ( 26) which only differ by a constant at a radius of 5 nm would give a strength 

contribution of 320 MPa which is approximately the same as the contribution would be from 

the rods or plate according to Eq. ( 31). 

Often the situation is that neither particle shearing nor Orowan bypassing dominate the 

strengthening process. This is because a given microstructure has a distribution of both types 

of particles, both shearable and precipitates that are looped by the dislocations. Especially at 

the peak strength both these mechanisms are operating. In the artificially aged temper a 

greater number of particles will be looped, and a few will be sheared. This has been taken into 

account by Gandin et al [37] for the θ’’-particles and by Fragomani [38]. In their models the 

individual forces from the particles must be known, and the size distribution R(r). The model 

by Gandin [37] has the following appearance: 
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where 2Г is equal to kp·G·b·rc. kp is the strengthening efficiency of the precipitates, F(r) is the 

individual strength of the precipitates, and are equal to kp·G·b·r for shearable obstacles and 2Г 

for obstacles larger than rc. A similar model for the Al-Zn-Mg alloys was developed by 

Deschamps [21]: 
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Fragomani et al [38] model takes the form: 

 
particle

m

i

n

mi
particle A

FF
M
∑ ∑
= =

+
⋅= 1

loopi,sheari,

σΔ  (36) 



 33

where Fi,shear is the total force to shear all the shearable particles and Fi,loop is the force needed 

bypass all the non-shearable particles, A is the total area of the particles, n is the total number 

of particles, m is the total number of shearable particles and (n–m)  is the number of 

precipitates that are bypassed.  

To give a full description of the precipitation hardening several parameters have to be 

known. These parameters are listed below: 

● Size distribution of the precipitates  

● The distribution of the precipitates (clustered or totally separated) 

● The mechanism dominating in the shearing process, which depends on the type 

of precipitate (this will influence rc) 

● The geometrical shape of the precipitates (influences λ) 

● The glide plane that the dislocation moves on (influences λ) 

● The total volume fraction of the precipitates 

 

4.3 Modelling the work-hardening  

 

All aluminium alloys increase their strength by work-hardening. For the non-hardenable 

alloys this is the main method for strengthening and for the hardenable alloys the work-

hardening may supplement the strength developed during the precipitation hardening. One 

description of the work-hardening is by Ludwik relation [19]: 

 n
hw k εσ ⋅=..  (37) 

where σw.h. is the true stress, k the stress at unit strain, ε the true strain, and n the work-

hardening exponent. If the non-hardenable alloys are prestrained to produce a specific temper 

Eq. ( 37) is changed to [19]: 

 ( )n
hw k εεσ +⋅= 0..  (38) 

where ε0 is the strain needed to produce a specific temper. The work-hardening also produces 

a substructure, and the strength increase due to this structure is defined by a Hall-Petch 

equation: 

 m
hw dk −⋅+= 10.. σσ  (39) 

where σ0 is the frictional stress, k1 describes the strength of cell boundaries, d is the size of the 

cells and m is an exponent which varies between 1 and 0.5. The substructure works as a 

barrier for the moving dislocations and therefore increases the strength of the alloys. The 
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effect of the work-hardening on yield-strength, tensile strength and elongation for three 

commercial alloys are shown in Figure 11-14, where a high temper indicates a high strained 

alloy. 

 

 
Figure 11. Yield strength for three non-hardenable alloys, AA1100, AA3103 and AA5454. 

 

 
Figure 12. The tensile strength for three non-hardenable alloys, AA1100, AA3103 and AA5454. 
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Figure 13. The elongation for three non-hardenable alloys, AA1100, AA3103 and AA5454. 

 

Another way to model the work hardening was demonstrated by Deschamps [21] who 

included the dislocation density ρd: 

 dhw bGM ρασ ⋅⋅⋅⋅=..  (40) 

where α is a constant equal to 0.27. Deschamps [21] finds a linear relation between the 

strength and the square root of the total dislocation density. Nes et al. [39, 40, 41, 42] 

associated the work hardening behaviour with dislocation storage and dynamic recovery. The 

recovery means that some dislocations are annihilated. This effect increases at higher 

temperatures and low strain rates. The strain hardening is therefore more effective at low 

temperatures and higher strain rates, due to lower annihilation of dislocations. 

 

4.4 General models for the mechanical properties 

 

One way to model the yield strength [20, 37, 38] is by linear addition of the precipitation 

hardening, σp the solid solution hardening, σs and the lattice resistance: 

 psiy σσσσ ++=  (41) 

where the last two contributors are described in the previous sections and the first is the 

strength of a pure aluminium alloy with no precipitates or elements in solid solution. A term 

for the grain size is also often included in Eq. ( 41). A similar equation for the strength was 

presented by Deschamps [21] who also included a term for the work hardening: 

 22
dpsitotal σσσσσ +++=  (42) 
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where σd is the strength from dislocation hardening given by Eq. ( 40). Myhr [20] modelled 

the hardness with a simple regression formula: 

 1633.0 += yHV σ  (43) 

A composite hardening approach was used by Hargarter et al [22] where the yield strength is 

modelled by: 

 NfMf PPTMy ⋅⋅+⋅−= στσ )1(  (44) 

where f is the total volume fraction of precipitates, M is the Taylor-factor, τM is the critical 

shear stress of the matrix, σPPT is the effective flow strength of the precipitates and N the 

precipitate strengthening factor. N is derived from the average ratio of the effective strain in 

the particles to that in the matrix. A typical value of N for an Al-4Cu alloy conventionally 

aged is 0.86 [22]. Nes and Marthinsen [42] modelled the flow stress of four f.c.c.-metals 

including aluminium alloys from the 1000, 3000 and 5000-series. Their model includes one 

temperature dependent part, τt and a temperature independent part τa: 

 ( )DbGbG iptat /1/121 +⋅⋅⋅+⋅⋅⋅++=+= δαρατττττ  (45) 

where τp is the stress contribution due to non-deformable obstacles, α1 and α2 are constants, ρi 

is the dislocation density, δ is the cell/subgrain size and D is the grain size.  

A completely different approach was used by Morinaga and Kamado [43] who predicted the 

mechanical properties from the s orbital energy level, Mk, of the alloying element. Their 

model works reasonably well for both the non-hardenable and hardenable alloys and has the 

following simple appearance: 

 MkbaR ⋅+=  (46) 

where R could be the tensile strength or the yield strength, a and b are constants determined 

using the least squares method. Mk  is the sum of each individual Mk value and are calculated 

as: 

 ∑ ⋅=
n

i
ii MkXMk  (47) 

where Xi is the mole fraction of element i in the alloy. The approach in Eqs. ( 46)-( 47) has not 

been supported by other papers. 
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5. Summary of contributed papers 

 
Paper 1: Modelling solid solution hardening in stainless steels 

 

In this study five strengthening mechanisms are considered: i) the solid solution 

hardening, ii) the hardening due to the nitrogen and iii) ferrite content, iv) the grain size and 

v) thickness. The last two both follow the Petch-Hall relation. The solid solution hardening of 

stainless steels has been studied by using the Labusch-Nabarro relation. Models have been 

evaluated from the five mechanisms in order to predict the mechanical properties and have the 

general appearance: 

 ( ) ( )∑ −− ⋅+⋅+⋅+⋅+⋅⋅=
i

ib dNgftANAcKR
i

2121
t

21
N

3234
LN δδε  (48) 

R could be the yield strength or the tensile strength, KLN, AN, At and Aci are regression 

coefficients, 
ibε  the size misfit parameters, c the chemical composition in atomic fraction, δ 

the ferrite content area fraction in percent, d the grain size in m, and t the product thickness. 

f(δ) and g(N) are regression coefficients for the tensile strength modelling. The result for the 

yield strength and tensile strength can be found in Table 7. 

 
Table 7. Results from the multiple regressions, Eq. ( 48). 

R KLN AN At f(δ) g(N) 

Rp0.2, Eq. ( 48) 17998 125 7.9 (6.15-0.054δ) (0.24+1.1N) 

Rm, Eq. ( 48) 36382 583 8.5 - 0.41 
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Figure 14 Measured yield strength (room temperature) compared with yield strength evaluated by regression 

analysis of Eq. ( 48) and with models of Pickering [44] and Nordberg [45]. The amount of data was randomly 

reduced from 1114 to 150 data points to improve visibility. 

 

The KLN value for the yield strength is close to the theoretical value using Eq ( 16) and ( 17) 

which gives 18400. The elongation data was also modelled with a similar approach as Eq. 

( 48) with the same parameters and has the following appearance: 

 2/1-1/2
5 03.0150t0.8Si13Mo1.2Ni6.0N9.658 −⋅−⋅⋅+⋅−⋅−⋅+⋅−= d.-A δ  (49) 

Here all individual elements were included in the regression analysis separately, and the other 

parameters were treated as in Eq. ( 48). Most of the elements show a negative effect to the 

elongation except for the nickel content. The same approach as Eq. ( 49) was utilized on the 

tensile strength, Rm and this resulted in opposite signs for all parameters compared to the 

elongation. This indicates a relation between the elongation and the tensile strength, and a 

simple relation between them was analysed: 

 mRA 08.0965 −=  (50) 
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Figure 15 Measured elongation (room temperature) compared with elongation evaluated by regression analysis 

of Eq. ( 50). The amount of data was randomly reduced from 1114 to 150 data points to improve visibility. 

 

A data source of six grades of steels has been used for the modelling. Both austenitic and 

duplex stainless steels have been covered including more than 1100 batches, that have been 

applied to multiple regression analyses. The models are compared with earlier studies and can 

be used as tools in materials optimisation. The regression analysis for the yield strength is 

compared with models by Pickering [44] and Nordberg [45]. The accuracy is similar to the 

previous studies, but the model by Nordberg overestimate and the model by Pickering 

underestimate the yield strength for the present data. 

 

Paper 2: Modelling mechanical properties for non-hardenable aluminium alloys 

 

In this study three different strengthening mechanisms have been modelled: solid solution 

hardening, precipitation hardening and to some extent the work hardening. These mechanisms 

are related to the mechanical properties for the for non-hardenable aluminium alloys which 

includes commercially pure aluminium, Al – Mn, and Al – Mg alloys. Five different tempers 

have been covered including the soft annealed state and four levels of hardening. Ab-initio 

calculations of the size and modulus misfit parameters that are needed in the solid solution 

hardening model have been performed. In accordance with the Labusch-Nabarro model, the 

solid solution hardening has been shown to be proportional to εL
4/3c2/3, where εL is the 

Fleischer misfit parameter and c the solute concentration. A linear model to c for the solid 
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solution hardening was also performed, but no real improvement was made with this 

approach. Some authors use the linear values, but in general c2/3 is used. 

The different temper designations are the main available data to model the work-

hardening, so instead of using the total strain a temper dependent parameter is used, H. 

Increasing amounts of elements in solid solution increase the influence of the work hardening. 

In a paper by Ryen et. al [27] this was verified for magnesium and manganese which are the 

main elements in the non-hardenable alloys. The contribution from cold-working is linear in 

H for the tensile strength and fatigue endurance, whereas the contributions to the yield 

strength and to the hardness are proportional to H0.5. 

Two models for the mechanical properties were performed, the first more physical model 

is given in Eq. ( 51) and the engineering model is given in Eq. ( 52). 

 ( ) ( ) ∑ ⋅⋅++⋅++⋅+= 3/4
,

3/2
65

2/1
4321 iLipphys cHCCfHCCHCCR εααα  (51) 

 SiAFeACuACrAMnHAMgHAHAAR SiFeCuCrMnMgeng +++++++= )()(21
α  (52) 

Regression analysis of yield strength data can be found in Figure 16 for the elongations in 

Figure 17 and the regression analysis results in Table 8 and Table 9. 

 

 

Figure 16 Harmonised yield strength values, Rp0.2 from AluSelect compared with the yield strength evaluated 

from Eq. ( 51) with the parameters in Table 8. 
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Figure 17 Harmonised elongation values, A5 from AluSelect compared with the elongation evaluated from Eq. 

( 51) with the parameters in Table 8. 

 

Table 8. Results for the physical model Eq. ( 51) for the non-hardenable alloys. 

R C1 C2 C3 C4 C5 C6 α 

Rp0.2, MPa 16 92 45 136 246 169 1/2 

Rm, MPa 49 68 82 130 487 --- 1 

A5
1* 47 -39 -98 87 --- -48 0.15 

A5
3,5** 29 -23 9 -22 -13 30 0.25 

 
Table 9. Results for the engineering model Eq. ( 52) for the non-hardenable alloys. 

Property A1 A2 AMg (H) AMn (H) Cr Cu Fe Si α 

Rp0.2, MPa 23 108 21+15·H1/2 9+28·H1/2 67 154 --- --- 1/2 

Rm, MPa 70 68 45+9·H 26+20·H --- 112 --- 20 1 

A5
1* 44 -36     -6 -7 0.15 

A5
3,5** 26 -19 0.6      0.25 

* Results from the 1xxx series and ** are results from the 3xxx and 5xxx series 

 
C1 represents the properties for an annealed alloy with no element in solid solution and no 

hardening precipitates. C2 shows the influence of work hardening on this constant. C3 

represents the precipitation hardening, and C4 shows how the deformation hardening 

influences the precipitation hardening. C5 represents the solid solution hardening and C6 

shows the influence of work-hardening on the solid solution hardening. Almost all data are 
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inside two standard deviations for the yield strength. The elongation data do not show the 

same good correlation with microstructure as can be seen in Figure 17.  

 

Paper 3: One parameter model for strength properties of hardenable aluminium alloys 

 

In this study two different strengthening mechanisms have been modelled: the solid 

solution hardening and the precipitation hardening. Traditionally the microstructures are 

modelled using classical equations for the description of precipitate nucleation, growth and 

coarsening [20, 21]. Gibbs-Thomson equations are then used to derive a critical radius which 

will neither grow nor dissolve. For the coarsening Lifshitz, Slyozov and Wagner distribution 

(LSW) are assumed after long times. Such derivations are not performed here, instead only 

the amount of different precipitates and the element in solid solution are used to describe the 

microstructure. This information is calculated using ThermoCalc with the TTAL5 [6] 

database. Therefore no information of particle sizes and size distribution are available 

Models for strength properties are proposed for commercially aluminium alloys. The 

alloy group investigated are the hardenable alloys from the 2000 (Al-Cu and Al-Cu-Mg), 

6000 (Al-Mg-Si) and 7000 (Al-Zn-Mg) series. The same model for solid solution hardening 

that was successfully applied to non-hardenable alloys in paper 2 has been used. For 

precipitation hardening, particle cutting and the Orowan mechanism have been considered, 

Eq. ( 53), but the cutting are only considered in the T4-temper: 

 2/12/13/43/2
2.0 24616 ffc

i
cLip fCfCcR ⋅+⋅+⋅+= ∑ ε  (53) 

Cc and Cf represent the coarse and fine precipitates, respectively. The fine precipitates have a 

radius of about 5 nm and the coarse ones approximately 100 nm. It is demonstrated that with 

one fitting parameter for each property, C3, a representation with reasonable accuracy can be 

obtained that is applicable to a wide range of alloys, Eq. ( 54), where 2.0,Rppσ  represents the 

increase in yield strength due to the precipitation hardening. 

 ∑ ⋅+⋅⋅+=
i

RppLi CcCCR 2.0,3
3/43/2

21 σε  (54) 

(C1 and C2 are taken from paper 2). The results for the yield strength and the tensile strength 

can be found in Table 10. Such models are useful in materials optimisation and selection. 

Regression analysis of yield strength data for the T6 temper can be found in Figure 18. 
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Figure 18 The yield strength are plotted using Eq. ( 54) for the artificially aged temper, T6. 

 
Table 10. Results for the non-hardenable alloys for two of the tempers (O and T6) using Eq. ( 54). 

Property Temper C1 C2 C3 

Rp0.2 O 16 246 1 

Rp0.2 T6 16 246 1 

Rm O 49 487 1.95 

Rm T6 49 487 0.96 
 

C3 represents the precipitation hardening in relation to the yield strength. For the yield 

strength it is therefore one and in the T6 temper the precipitation hardening gives 

approximately the same total increase to the tensile strength as for the yield strength. This is 

not the case for the annealed state where the effect to the tensile strength is almost the double. 

The elongation data could not be modelled successfully with this approach for the hardenable 

alloys. 

 

6. Conclusions 

 

The aims of the present thesis were to model the mechanical properties of commercial 

alloys and to study the hardening mechanism. This was successfully performed for stainless 

steels and aluminium alloys. The model for solid solution hardening uses the equations by 

Labusch and Nabarro which state a relation between c2/3 and the increase in strength Δσ. The 

Labusch-Nabarro relation includes misfit parameters which were successfully calculated 
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using ab initio calculations for the aluminium alloys and using Vegard's law for the stainless 

steels. The hardening from the small precipitates in the aluminium alloys was also modelled 

using the theories by Orowan. The contribution from precipitation hardening is modest for the 

non-hardenable alloys due to rather coarse precipitates (approximately 0.1 µm). For the 

hardenable alloys the contribution is much larger due to the large amount of small precipitates 

(approximately 10 nm in diameter) which act as a strong strength contributor. The 

precipitation hardening considers particle cutting as well as the Orowan mechanism for the 

hardenable alloys. The different tempers in the models for the non-hardenable alloys were 

modelled by a single parameter called H, where H represents the amount of cold work. For 

the stainless steels the hardening was predicted from the grain sizes, ferrite content and 

thickness together with the solid solution hardening. All strengthening equations were 

successfully evaluated by multiple regressions except for the ductility for the hardenable 

alloys. 

For future aluminium alloys and stainless steel development, the availability of 

satisfactory correlations between composition, microstructure and mechanical properties are 

essential to optimise alloy compositions in the development of new commercial alloys. 
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