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Abstract 

Commercial alloys are continuously developed to improve their performance. Therefore it is 
useful to establish new optimisation software, which could be used in development of new 
materials or in materials selection. In the first part of the thesis, mechanical and technological 
properties, which are of importance in materials selection in mechanical design, are investigated. 
Two types of materials are analysed for the mechanical properties, aluminium alloys and 
stainless steels but only aluminium alloys for the technological properties. 

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

Combining these fundamental results with multiple regressions, models for mechanical and 
technological properties have been created. Separate models are developed for wrought 
aluminium alloys and stainless steels. For the aluminium alloys these include 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. 

The second part of the thesis concerns materials selection and materials optimisation. 
Traditionally materials optimisation includes a preliminary sifting due to the vast number of 
engineering materials. Then there is a discriminating search followed by an optimisation. In the 
optimisation part the concept merit indices could be used to rank the materials. A merit index 
only includes material properties, as for example the characteristic strength, the density or the 
Young’s modulus. A concept related to the merit indices are the merit exponents, which can be 
used when no explicit functions for the merit indices are available. The merit exponents can also 
be used when creating a control area diagram (CAD). These diagrams are used as a design tool, 
where both the geometry and materials are taken into account. For a situation with several 
geometrical variables the merit exponents can give information of how much the target function 
will be influenced by a given property change. This technique can be used for a variety of 
situations, when there is more than one property limiting the final sizes of a component. 
Principles for setting up a CAD are given together with how the merit indices and exponents 
relate to the final CAD. 

Keywords: Aluminium alloys, Modelling, Materials optimisation, Mechanical properties, 
Welding, Corrosion, Machinability, Solid solution hardening, Precipitation hardening, Work-
hardening, Control area diagram, Merit indices, Materials selection. 
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1. Introduction 

1.1 Modelling of properties  

Aluminium alloys have a wide range of applications due to a large variety in mechanical 
properties. This is demonstrated by comparing the mechanical properties of two 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, and the annealed AA1199 has a ductility 4 times 
higher than AA7001 (40% and 10% elongation to failure respectively). One important example 
of applications 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-toxicity) and heat exchangers 
(high thermal conductivity and corrosion resistance). 

To be able to extend the list of 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 one has 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 of 
aluminium alloys and stainless steels. Since the strength influences many properties, it is also 
important to gain knowledge of the physical backgrounds of the strengthening mechanisms. Both 
solid solution hardening and 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 [4]. From the database AluSelect [5] property data and composition data 
were collected. The microstructures were calculated with ThermoCalc [6] using the databases 
COST2 [7] and TTAL5 [8]. 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.  

1.2 Materials selection 

Traditionally the selection of materials in mechanical design is often done by choosing between a 
few materials which have been used for similar components before. This leads to a rather 
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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 optimum 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 [9]. 
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 [10]. 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 do 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 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 price of the material, 
and the availability of a specific product form [11].  

1.3 Aim of the work 

The purpose of the thesis is to create composition-microstructure-property relations for 
aluminium alloys, including both the hardenable and the non-hardenable ones. These relations 
will then be used to predict the mechanical and technological properties in materials design. In 
addition the mechanisms behind the strengthening are also analysed. 

The aim is also to present a general materials optimisation approach to be used for materials 
selection. This includes the creation of control area diagrams for different kind of situations. 
These charts are useful tools in both materials selection, and as a design tool. It also includes the 
calculation of merit indices and exponents. With the help of the merit exponents it is possible to 
generate the diagrams when no algebraic equations are available for the different constraints, 
using finite element methods. 

2. Aluminium alloys 

The wrought aluminium alloys are divided into two families, the non-hardenable (also called non 
heat treatable) and the hardenable (heat treatable). The main difference between these two groups 
is how they gain their strength from different hardening operations. The first group is hardened 
by cold working, while the second group is hardened by heat treatments. The typical alloy 
compositions for the main elements are 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% [5]. 
Series Main alloying element is 

1xxx1) 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. The last two digits give information 
of the purity. 

3xxx 1) Main: Mn (0.3-1.5%). Mg (0.2-1.3%) and Cu (0.05-0.25%) are usually added. 

5xxx 1) Main: Mg (0.5-5.6%). Mn (0.05-1.1%) and Cr (0.05-0.35%) are usually added. 

2xxx 2) Main: Cu (1.8-6.8%). Mg (0.2-1.8%), Mn (0.2-1.2%) and Si (0.1-1.3%) are 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. 

6xxx 2) Main: 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. 

7xxx 2) Main: 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 

The different alloying elements are added for several different reasons. Chromium is often added 
to control the grain structure and to prevent recrystallization during heat treatments of the 6xxx 
and 7xxx series [12], but should not exceed 0.35%. If more chromium is added coarse 
constituents can form together with other elements, which will deteriorate the strength and 
ductility of the alloy. Copper is the main element in the 2xxx series and is added to increase the 
strength and hardness, but it is only effective as a strengthening agent up to approximately 6 wt. 
%. If magnesium is added together with copper, the strength can be increased even further [13]. 
Except for the 5xxx series, all systems have some alloys where copper is added to increase the 
strength. Iron is most often present 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 sometime to increase the strength at elevated temperatures [13]. Magnesium is the main 
element in the 5xxx-series and in the 6xxx-series, in the latter case together with silicon. 
Magnesium has a solubility over 17% in aluminium and strongly increases the strength without 
decreasing the ductility (except for low magnesium contents) [13]. 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 manganese, iron and chromium should be less than 2% [13]. 
Silicon is always present as an impurity in all series, but in the 6xxx-series it is added to form 
Mg2Si-precipitates. In the 2xxx-series up to 1% silicon is sometimes added to prevent the 
cracking tendency [13]. Zinc is the major element in the 7xxx-series and has little 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 should be added. If copper are added to the Zn-Mg alloys the 
strength are increased even further, and these alloys are the strongest aluminium alloys [13]. 
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 [14]. Bismuth and 
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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. 

2.1 Heat treatable alloys 

The alloys within this groups increase their strength from heat treatment, due to precipitation of 
fine precipitates. The alloys which respond to precipitation hardening must have some element 
that shows a decrease in solid solubility with decreasing temperature. If they did not have this 
characteristic no precipitates could be formed during heat treatment. Alloys from the 2xxx, 6xxx 
and 7xxx series belong to the heat treatable alloys.  

Precipitations of the particles that increase the strength follow three stages. First, the alloying 
elements are dissolved during the solution treatment in the single phase region (the area marked 
with a in Figure 1). It is important to be below the solidus line, if not one would get cracks due to 
partial melting in the alloy. Second, the alloy is quenched to room temperature to achieve a 
supersaturated solid solution (SSSS) of the elements (area b). The final step is where 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, and is then called 
natural aging (takes longer time) or at higher temperatures for artificial aging (area c) [15]. 

 

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´´) [15]. The elements are dissolved in a, quenched to b and 
precipitated at c. 
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The precipitation sequences for four different 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 [16]. 
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) 

During the quenching, vacancies are formed assisting the diffusion of atoms that form Guinier-
Preston Zones (GPZ) [17]. These zones are fully coherent with the matrix, and are the first step 
of the precipitation hardening. The densities of the GPZs could be as high as 1025 m-3 [18]. The 
intermediate precipitates are formed from these GPZ. The intermediate precipitates are much 
larger than the GP-zones 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 [18] and η’ has a measured 
range 1:1 to 1:1.5 rather than 1:2 [17]. The intermediate precipitates may nucleate either from or 
at stable GPZs, or heterogeneously at lattice defects (for example at dislocations). One way to 
increase the nucleation sites for the intermediate precipitates is therefore to stretch the material 
(approximately by 5%), which increase the number of dislocations. Therefore several of the heat 
treatable alloys include cold work in their heat treatments. 

The final equilibrium precipitates are coarse and non-coherent to the matrix, and only formed at 
rather high aging temperatures. The equilibrium precipitates only give 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 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 [15], an Al-Mg-Si alloy [19] and an Al-Zn-
Mg alloy [20]. The temperature and holding time are strongly dependent of the alloy 
composition, but all heat treatable 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 [16]. The hardening will be less effective at lower temperature, but the 
range where maximum strength is obtained increases. Therefore it is easier to age at lower 
temperature, but the cost is some loss of strength. If the precipitation occurs at to high 
temperature, there will be no hardening at all, due to large precipitates. 
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Figure 2a. Hardening response for a 
binary Al-1.7Cu alloy at two 
different temperatures [15]. 

Figure 2b. Hardening response at 
precipitation for a ternary Al-Mg-Si 
alloy [19]. 

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

 

For the 2xxx-series it is the θ’- (Al2Cu) or the S’-precipitates (Al2CuMg) that are responsible for 
the strength increase. For the 6xxx-series it is mainly the β’’-precipitates (MgSi) and for the 
7xxx-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 their typical sizes and shapes. 

 
Figure 3a. TEM-picture of a θ’-precipitates for a copper-based 
alloy with magnesium, manganese, silver and zinc [21]. 

 
Figure 3b. TEM picture of an AA6005-alloy 
showing the β’’ and the β’-precipitates [22]. 

 

 

Figure 3c. TEM-picture of the η’-precipitates from an Al-Zn 
alloy with addition of magnesium and copper [23].  
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2.1.1 Survey of different heat treatments 

There is a large variety of heat treatments for the hardenable alloys, which give a broad spectrum 
of properties. There are two types of aging, natural and artificial, where the first is applied at 
room temperature, and the second at around 200oC, or a bit lower depending on the alloy. Some 
alloys have very slow precipitation reactions at room temperature, and for those artificial aging is 
the only option. For example the 7xxx alloys are mostly aged artificially. Some alloys also 
increase their strength by a cold work operation after the quenching. The basic temper 
designations are described briefly in Table 3.  

Table 3. Short description of the heat treatments for the heat treatable alloys and their designations [13], [24]. 
Temper Description 

F As fabricated: In this temper there is no control over the thermal or strain hardening 
conditions. No mechanical property limits. 

O Annealed: Long holding time at temperatures (300- 420oC) where coarse precipitates 
are formed. The final product is soft and has high ductility. 

W Solution heat treated: A temper that is only applicable to alloys that spontaneously age 
at room temperature after solution heat treatment. The period of natural aging should 
be indicated, for example: W 1h 

T1 Cooled from a shaping process, and naturally aged to a substantially stable condition.  

T2 Cooled from a shaping process, then cold worked followed by a natural aging to a 
substantially stable condition. 

T3 Solution heat treated followed by a cold working operation and then naturally aged to 
a substantially stable condition. 

T4 Solution heat treated and then naturally aged: The precipitates are formed at ambient 
temperature. The sizes of the particles do not reach the optimum size, which produces 
a softer material compared to the T6 condition. This is a cheaper but more time 
consuming method compared to the artificially aged temper. 

T5 As T1 but artificially aged instead of naturally aged. 

T6 Solution heat treated and then artificially aged: Typical temperatures for the 
precipitation hardening are 120oC - 190oC depending on the alloy. The aging is 
stopped when the particles reach the optimum size which results in the strongest 
material. 

T7 Solution heat treated and stabilized 

T8 As T6 but cold work between the solution heat treatment and the aging process. 

T9 As T6 but the cold worked after the aging process. 

T10 As T2 but instead of naturally aged this temper is artificially aged. 

Additional There exist several additional tempers which are applied for certain products or alloys. 
Then an additional digit is added. 

2.2 Non-hardenable alloys 

The non-hardenable alloys does not significantly increase their strength by heat treatment, 
instead work hardening is used. The hardening occurs due to an increase in dislocation content. 
The work hardening is usually introduced by cold rolling. Elements in solid solution influence 
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the work hardening for example by decreasing the mobility of dislocations which makes them a 
more effective barrier which increases the strength even further. 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 [13]. 

 
Figure 5. Elongation data for four typical non-hardenable aluminium alloys, AA1100, AA3003, AA5050 and 
AA5052. Data are taken from Hatch [13]. 

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 from the figures 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 (see 
Table 4 for the interpretation of x). If the alloy is annealed at a sufficiently high temperature the 
alloy softens 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. In Table 4 most of the common temper designations are summarised 
for the strain hardened alloys. 
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Table 4. Summary of the basic temper designation for the non-hardenable alloys [13], [24]. 
Temper Description 

F As fabricated: In this temper there is no control over the thermal or strain hardening 
conditions. No mechanical property limits. 

O Annealed and recrystallized: This is the softest state with the highest ductility values. 

H1 Strain hardened: Includes H12, H14, H16, H18 and H19, where the last digit 
determines the amount of strain hardening. No supplementary heat treatments are 
added  

H2 Strain hardened and partially annealed: Includes H22, H24, H26, H28; the first strain 
hardening exceeds the desired values, and is therefore partially annealed. The digit 
represents the amount of strain hardening after annealing. 

H3 Strain hardened and stabilized: Includes H32, H34, H36, H38. Used for Al-Mg alloys 
that would gradually age soften after some time, they are first strain hardened and then 
heated at a low temperature. This increase ductility and stabilize the mechanical 
properties. 

H112 Strain hardened during fabrication: No control of the amount of strain hardening, and 
therefore require mechanical testing. 

H321 Strain hardened during fabrication: The amount of strain hardening is controlled 
during the preparation (hot and cold working). 

H116 Special strain hardened: Corrosion-resistant temper used for the Al-Mg alloys. 

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. According to Polmear [18], the 
dislocation density for a fully hard Hx8-temper is approximately 1016 m-2 compared to 
approximately 1011 m-2 for an annealed alloy. 

3. Hardening mechanisms 

The aluminium alloys improve their strengths from in principal three different mechanisms; solid 
solution hardening, particle strengthening and work hardening. An improvement in strength 
gives a decrease in formability, and therefore there is always a balance between these two 
properties. Therefore these mechanisms have to be well understood. A short presentation of all 
the hardening mechanisms will now follow. In section 3.1 solid solution hardening is presented 
which is important for both types of alloys. In section 3.2 particle strengthening (precipitation 
strengthening) is presented, and this mechanism is in principal only valid for the hardenable 
alloys. In section 3.3 work hardening is presented which is important mainly for the non 
hardenable alloys. Some tempers of the hardenable alloys also include work hardening 
operations. Examples of these tempers are T3 and T8-T10 (see Table 4). 



18 

 

3.1 Solid solution hardening 

Important conditions to accomplish high solid solution hardening are 1) high solubility of the 
element at the annealing temperature, 2) solid solution remain at room temperature 3) the element 
should not react with other elements. 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 [13]. 
Solid solubility Ag Cr Cu Fe Mg Mn Si Ti Zn Zr 

Atomic % 23.8 0.40 2.48 0.025 16.26 0.90 1.59 0.57 66.4 0.085 

Weight % 55.6 0.77 5.67 0.052 14.9 1.82 1.65 1.00 82.8 0.28 

Silver, copper, magnesium and zinc all have solubility’s over 5 wt%, and could by that reason be 
considered as good element for solid solution hardening. 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 fully to the solid solution hardening since it is only in solution at 
rather high temperatures (see Figure 1). For an alloy with 4wt% copper the copper react with the 
aluminium to form Al2Cu below 500oC. Chromium, which has a low solubility, reacts with the 
aluminium and form Al13Cr2. According to Table 5 there is only zinc and magnesium left 
(together with the copper that does not form Al2Cu) as effective element to contribute to the solid 
solution. One also has to bear in mind that the data is only valid for binary alloys. The first 
criterion for an element to be a good element for solid solution hardening is the solubility; the 
next is that it also contributes to the strength when it is in solid solution. This is determined by 
the so called misfit parameters. 

The magnitude of the solid solution strengthening is determined by the misfit parameters. They 
are strains in the matrix that arise due to size difference and difference in shear modulus between 
the solute and the solution. The size misfit is defined by eqn. (1) and the shear misfit by eqn. (2): 
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where b is Burgers vector and represents the magnitude and direction of the lattice distortion of 
dislocation in a crystal lattice, G is the shear modulus and c is the fraction of elements in solid 
solution in atomic percent. Labusch and Nabarro [2], [3] combined the misfit parameters and 
related the solid solution hardening to a parameter called εL.  
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The relationship between this misfit parameter and the solid solution hardening has 
experimentally been verified for aluminium [24], nickel [25] and stainless steels (paper I). 
According to Labusch-Nabarro the relation between the misfit-parameters and the strength is 
defined by 

 3/43/2
mNL fKc  (4) 

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 the expression: 
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A large misfit is therefore beneficial to the solid solution hardening and manganese gives a 
stronger contribution to the solid solution hardening compared to magnesium per atomic percent, 
which is explained by the difference in the misfit parameters. This has been verified by Ryen et. 
al. [26] 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 Sc   (6) 

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 [24] 
state a linear relation between c and the strength. Doherty [27] used n equal to 2/3 in his models, 
when modelling solid solution for both binary and ternary alloys, and the model for the ternary 
systems was: 

 3/23/2
jjiiAl cScS    (7) 

The S parameters are proportional to the size misfit parameter, and eqns. (6)-(7) therefore seems 
to follow the theories by Labusch-Nabarro quite accurately. 

3.2 Particle strengthening 

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. 
This is because the hardenable alloys are designed to separate nanosized precipitates, while the 
non-hardenable alloys chemical composition does not favour this behaviour. 

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 
[16]. This alloy was actually a discovered by mistake, when left over a weekend at a laboratory, 
and during that time the natural aging process increased the strength considerably [17].  

The magnitude of the precipitation hardening depends on the strength, structure, spacing, size, 
shape and distribution of the precipitates [28]. 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 [16]. Precipitates radii and distances between the precipitates 
were modelled via Monte-Carlo calculations by Kizler et al. [29]. The result from these 
calculations gave rather large variations in both radii and distances for most alloys. In a paper by 
Mohles et al. [30] 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. When there is a cluster formation there would be a decrease in strength with 
approximately 10% and when they are totally separated an increase in strength with 
approximately 10%, compared with the normal situation [30].  

If the precipitates are below a critical size, approximately 5 nm (the critical size depends on type 
of particle), the dislocations will shear the precipitates, which is sometimes called precipitate 
resistance [28]. At least five different shearing mechanisms (given in Table 5) 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   is the breaking angle, 
which is a measure of the strength of the obstacle, F [16].  

 
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,   is the 

breaking angle [16]. 
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Table 6. Description of the different strengthening mechanism for shearing of particles. 

Type Description 

Chemical 
strengthening 

The additional interface between the particle and the matrix that arises when the particle are 
sheared requires energy, γm/p. The increase in shear strength is given by eqn. (8), where M is the 
Taylor factor (≈ 3.06 for aluminium), G is the shear modulus, b is the burgers vector, f is the 
volume fraction of the precipitates and r is the particle radius. eqn. (8) proposes that the strength 
is reduced for larger particles, which is not observed. Therefore this mechanism is usually 
ignored [16]. 

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 of stacking fault energies [16], and r and f are the radius and the fraction of the 
particles. 

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 [31] this effect 
was modelled as eqn. (9), where the line tension TL of the dislocation is replaced by Gb2/2, and 
ΔG is the difference between the shear moduli of the matrix and the particle [16]. 

Coherency 
strengthening 

Strength increase 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: eqn. 
(10), where εm/p is the misfit strain between the precipitates and the matrix [32]. According to 
Martin [16] the constant in front of M 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 [19]. 

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 given by eqn. (11), where the 
line tension TL is replaced by Gb2/2 and γapb is the energy required to form the APB [16]. Often 
the dislocations travel in pairs and in that case the second dislocation then restores the original 
order. eqn. (11) is then transformed to eqn. (12) The order strengthening was also modelled by 
Kulkarni et al [33] which only differ by a factor 2 from eqns. (11). Eqns. (11)-(12) state that 
different particles give different amount of strength contribution due to their difference in APB 
energy.  
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Four of the mechanisms are illustrated in Figure 7 for varying sizes of the precipitates r using a 
constant volume fraction of 2% in each case. In the equation for the chemical strengthening, eqn. 
(8), the energy γm/p is 0.26 J/m2 for an Mg2Si-particle [19]. 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 [28]. 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 [16]. The coherency strengthening 
depends strongly on the misfit strain between the matrix and precipitates. The value of εm/p can 
vary between 0.015 and 0.031 for an Al-Zn-Mg-Cu alloy [32]. In Figure 7, εm/p = 0.015 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 [32]. For the order-
strengthening eqn. (11) is used in Figure 7, where 0.185 J/m2 is used for the energy formation of 
APB [33]. This value is taken from an Al-Mg-Sc-Zr alloy. 

 
Figure 7. The strengthening as a function of radius of the precipitates for four of the cutting operations described in 
Table 6. 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 contribution 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 [16], [20]: 
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where Δ is the particular interaction term, TL is the line tension of the dislocation, often assumed 
to be Gb2/2 and c1 is a constant. Which of these mechanisms that operates depends on the 
precipitates, but usually it is the coherency or order hardening (APB) that operates [16]. If the 
chemical hardening acts alone the shearing should be easier for larger precipitates and that has 
not been shown experimentally for shearable particles. 

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   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 [4] (name from the discoverer) or dispersed particle 
strengthening [28]. A simplified (but adequate) form of the Orowan equation is: 

  /MGbOr   (14) 

where σOr is the increase in strength due to the Orowan mechanism, λ is the distance between the 
precipitates which are proportional to r divided by the square root of f [16]: 
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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 eqn. (15) [16], [20]. Eqn. (14) then takes the form: 
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. 
Figure 8. Representation of a dislocation bypassing two particles by the Orowan mechanism [18]. 

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 be this critical size, which would produce the strongest alloys. This is the 
aim for the artificially aged alloys. The critical size, where the mechanism goes from shearing to 
bypassing depends on the type of particles (the obstacle strength) and the volume fraction of the 
hardening phase. Although if the amount of the hardening phase is less than 10%, the distance 
between the obstacles is rather large compared with the particle size, and in that case the volume 
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fraction does not affect the transition between cutting and Orowan [28]. In the case of aluminium 
alloys, the volume 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 [34] 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 [22].  

 
Figure 9. Strength increase 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 eqn. (16), for the Orowan mechanism. Myhr et al [19] calculated 
the strength with the following equation: 
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The constant β is a statistical factor accounting for the variations in particle spacing in the plane, 
and according to Myhr [19] equals 0.36. Polmear [17] modelled the precipitation hardening with 
the following simple equation:  
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Eqns. (17) and (18) are developed for spherical particles which is an ideal case. Many times the 
precipitates are formed as plates, needles or rods. A model where the shape and orientation of the 
particles are included was developed by Embury [35]: 
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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 so 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 eqn. (20) 
[18] and for a rod-like precipitate in the {100} direction by eqn. (21) [16], where the constants 
are shortened to two decimals: 
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where r is the radius and t is the thickness of the discs. Similar calculations are performed for 
different directions and forms of the precipitates. 

Eqns. (16) and (19) are plotted in Figure 10 below. In eqn. (19), 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. Eqn. 
(19) 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 eqn. (14) for the spheres 
case and eqn. (19) 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 basically the same manner 

 The less rigorous approach in eqns. (14)-(18) with spherical and equally sized 
precipitates leads to approximately the same results as for the plates and rods [19] 

 For r larger than 20 nm the contribution are approximately the same for the three 
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 geometry of the precipitates has a large influence on the strengthening when r is near the 
critical size, but when they grow the differences vanishes. Using eqn. (17) by Myhr et al [19] 
instead of eqn. (14) 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 eqn. (19). 



26 

 

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 [36] for the θ’’-particles and by Fragomani [37]. In their models the individual 
forces from the particles must be known, and the size distribution R(r). The model by Gandin 
[36] 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 
[20]: 
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Fragomani et al [37] model takes the form: 
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where Fi,shear is the total force to shear all the shearable particles and Fi,loop is the force needed to 
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 form of the precipitates (influences λ) 

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

● The total volume fraction of the precipitates 
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3. 3 Work hardening (strain 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 heat treatments. One description of the work-
hardening is by Ludwik´s relation [18]: 

 n
hw k ..  (25) 

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 eqn. (25) is 
changed to [18]: 

  nhw k   0..  (26) 

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..   (27) 

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

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

Another way to model the work hardening was demonstrated by Deschamps [20] who included 
the dislocation density d: 

 dhw GbM  ..  (28) 

where  is a constant equal to 0.27. Deschamps [20] finds a linear relation between the strength 
and the square root of the total dislocation density. Nes et al. [38], [39], [40], [41] 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. Technological properties 

Three technological properties have been modelled in paper IV in the same manner as the 
mechanical properties. The properties modelled were the general corrosion resistance, the 
weldability of MIG and TIG and the machinability. As for the mechanical properties, the data 
was taken from AluSelect [5], but the values for these properties are given in index, ranging from 
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1 to 7, where 7 means excellent. These three properties will be presented below, where the focus 
is on the dependent on alloy additions. 

4.1 Welding 

Several welding operations are available for aluminium alloys, but here only the common 
methods MIG (metal arc inert gas) and TIG (tungsten inert gas) are considered. One of the 
problems with welding aluminium is the low melting point and that there is no colour change 
when the aluminium gets hot. Another problem is that the aluminium oxide on the surface has a 
higher melting point than the boiling temperature of aluminium. Therefore one must get rid of 
the oxide before welding. The reverse polarity of the arc effectively removes this oxide, putting 
the oxide in front of the weld. 

Weldability is a difficult property to measure directly. Instead the numbers of typical defects that 
arise from the welding classify the weldability. One way to define weldability was given by 
Sandström [42] as “the ability of a material to be joined by welding without cracks or other 
defects being formed to the extent that the integrity of the joint is threatened”. There exist four 
typical defects in weldments: i) hot tears in the heat-affected zone (HAZ), ii) porosity or 
inclusions in the weld, iii) lack of fusion and penetration of the weld metal and iv) softening in 
HAZ [42]. According to Chirkov [43] copper reduces the fluidity and increases the hot-cracking 
susceptibility. Other elements that influence the crack sensitivity are silicon and magnesium. 
Sandström [42] used the copper-equivalent given in eqn. (29) when modelling the MIG and TIG 
weldability: 

 BiPb
Zn

CuCuequ 
4

 (29) 

where a low value is preferable for welding. According to eqn. (29) the 2xxx and 7xxx alloys 
should be more difficult to weld which is true for most of these alloys. Also alloys including lead 
or bismuth, which are added to increase the machinability, are more difficult to weld. 

Grain refinement elements such as titanium or boron are added to some alloys to reduce the 
cracking tendency which leads to a higher weldability [42], [44]. Among the 2xxx series, alloys 
with high magnesium-content produce the S-phase (Al2CuMg) instead of the θ-phase (Al2Cu). 
This S-phase makes the alloy more thermally stable and as a consequence more weldable 
compared with alloys including the θ-phase [43]. An element known to increase the weldability 
for alloys that are usually hard to weld is scandium. Especially for aerospace alloys such as 
AA2024 and AA7475, which both have a low weldability, scandium can improve the weldability 
considerably [45]. This improvement is due to Al3Sc-precipitates that form in the melt and 
produce a fine grain size in the fusion zone [45]. The weldability of AA7010 was also improved 
by scandium [46].  

4.2 Corrosion 

Generally, aluminium alloys have very good atmospheric corrosion properties. The reason for 
the good corrosion properties is the thin compact oxide film (approximately 2.5 nm thick under 
normal conditions) called alumina that is formed in almost every environment that contains 
oxygen, at a pH range 4.5-8.5 [17]. Without this film, aluminium is a reactive metal and should 
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therefore be very susceptible to corrosion. Many factors control the corrosion properties of 
aluminium. The environment is most important including factors such as the temperature, 
humidity and the acidity (pH). Secondly, the metallurgy has a major influence, where the copper-
content is an element that reduces the resistance to corrosion. In general the corrosion resistance 
decreases when the purity is reduced and the best corrosion resistance alloys are found among 
the non-heat-treatable alloys. Especially the pure aluminium alloys (1xxx-alloys) have high 
corrosion resistance. As a consequence these alloys are suitable for food storage. 3xxx-alloys are 
used in cooking utensils due to a good combination of strength at high temperatures and 
corrosion properties. For the heat-treatable aluminium alloys the corrosion properties vary 
considerably and it is the 6xxx-alloys that show the best protection. 

According to the Corrosion Handbook [47], up to 1.25 wt. % manganese and 1 wt. % magnesium 
can be added, without reducing the pitting corrosion in water. In the 3xxx-alloys, particles with 
manganese (Al6(Mn,Fe) or Al12(Mn,Fe)3Si) have the same electrochemical potentials as the solid 
solution matrix and will therefore not influence the corrosion properties significantly [48]. For 
the commercially pure aluminium, all alloy additions decrease the corrosion resistance. For 
instance, the iron-containing particles, such as Al6Fe, Al3Fe or Al12Fe3Si2, exposed to the surface 
have a thinner oxide film at the surface compared with the aluminium-matrix [48], which reduce 
the corrosion resistance. 

The atmospheric corrosion resistance is reduced if elements such as copper, magnesium, silicon 
or zinc are added to the alloy. Elements in solid solution are not as harmful as elements out of 
solution, i.e. elements in the second-phase particles [18]. Chromium has a slightly positive effect 
on corrosion resistance, but the chromium-content is seldom more than 0.3 wt. %. Other 
elements which can influence the corrosion properties in small amounts in a positive sense in an 
Al-Zn-Mg-Cu alloy are manganese and zirconium [49]. Nickel improves the corrosion 
resistance, especially the pitting corrosion [13]. The reason for this is that the pitting corrosion 
usually attacks the aluminium matrix adjacent to the intermetallic compounds, but when nickel is 
added, the pitting only occurs on the Al3Ni-phase [50]. A small grain size usually increases 
corrosion resistance [51], and therefore a grain-refiner such as titanium can be included to 
increase the corrosion resistance. The most harmful element to the corrosion resistance is copper 
[47], [48]. The reason for the low corrosion resistance in alloys with copper could be explained 
by micro-cells between areas in solid solution and the intermetallic phase CuAl2 [51]. According 
to Bialobrzeski [51], the most beneficial elements with respect to corrosivity are those with high 
solubility to the matrix and elements with the same standard galvanic potential as the aluminium. 
Zinc has a small negative influence on the corrosion resistance (compared to copper), and it 
depends on the fabrication and heat treatment. Elements such as nickel, lead and bismuth 
introduce constituent particles and decrease resistance to corrosion. 

4.3 Machinability 

Most of the wrought aluminium alloys have excellent machining characteristics, much better 
than for example steels [52]. The machinability is usually related to four quantities: i) tool life, ii) 
cutting forces, iii) surface finish and iv) shape of the chips formed during the machining operations 
[53]. The machinability for aluminium alloys does not usually involve tool life (except for alloys 
with silicon-content exceeding 10%); instead the chip formation, including burr formation, built 
up edges, uneven chip breakability and surface finish can be a problem [52]. The machinability 
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is more effectively related to these properties rather than the speed of the machining operation 
[54]. The optimum chips are small and easily broken, and come clean of the work piece and tool. 
Non-ductile and hard materials produce short chips. Other ways to improve the chip formation 
are to use a chip breaker, increase the cutting speed and/or increase the feed per rotation. The 
machinability is influenced by essentially three material characteristics: i) mechanical properties 
(hardness) ii) thermal properties (a material with high heat conductivity is preferable) and iii) 
chemical properties (inclusions and lubricant content). 

A common way to determine the machinability is to count the chips and look at the burr 
formation (height, width). According to Chandrasekaran [54] there is a strong correlation 
between the hardness and the chip count. The relation between the burr formation and hardness 
was not as easy to find [54]. 

Softer alloys (the annealed state) are more likely to form built-up edges on the tool which can be 
welded to the tool edge due to the heat from the cutting performance. The alloys with the best 
machinability contain elements such as copper, magnesium or zinc which are elements that 
increase the hardness by solid solution hardening or precipitation hardening. For the non-heat-
treatable alloys the best machinability is found for the hard Hx8 temper and for the heat-treatable 
alloys for the strength optimised T6 tempers. Hence, there are some important microstructural 
features that determine the machinability. Insoluble and nonabrasive constituents have a 
beneficial effect on tool life since they assist in chip breakage. On the other hand, the abrasive 
constituents are detrimental to the tool life and surface quality [24]. Lead and bismuth have a 
positive influence on the machinability since they act as lubricants and chip breakers [13], [55] 
and alloys with these additions are called free machining alloys. Titanium favours 
microstructural refinement and induces precipitate dispersion which contributes to small and 
brittle chips [55]. Intermetallics with iron and manganese stimulate the production of small and 
loose chips, which improves the machinability. The Mg2Si-precipitates also have a positive 
influence on the machinability according to Froehlich [55], who ranked the three most relevant 
factors influencing the machinability in the following order: 1) lead-precipitates (favoured by 
titanium), 2) CuAl2 and 3) Mg2Si. The observation that alloys with CuAl2 as their second-phase 
give chip breakability superior to alloys with Mg2Si was also supported by Kamiya and Yakou 
[53]. For alloys with lower index, typically the annealed or the Hx2 states, an increase in cutting 
speed reduces the probability of producing a built-up edge. One other way is to increase the 
tempering by work hardening and anneal the material later to a softer state [52]. 

5. Calphad approach 

A recent development in materials optimisation is to describe the properties using 
multicomponent phase diagram calculations following the Calphad approach (CALculation of 
PHAse Diagrams) [56]. 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 [57], 
which for a pure element A is, if the pressure is neglected: 

   ...log 2
4321  TCTTCTCCGA
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where Ci are constants, and T the temperature. For a binary system the Gibbs energy is expressed 
as: 
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where the sub index m is for mixing of element A and B, xi is the atomic fraction of element i, S 
is the contribution from the entropy change and the last term is the so called excess Gibbs energy 
coming from the non-ideal contribution of mixing. As for the aluminium alloys, there are more 
than one phase, and for a binary Al-Cu alloy with two phases (α and θ) the Gibbs energy is 
expressed as: 

    
CuCum xGxxGxG   (32) 

where Gα,θ is the molar Gibbs energy for phase α and θ respectively, and xα,θ is the fraction of 
phase α and θ respectively. Calphad is then used to find the minimum of such equations.  

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.  

As discussed in the former chapter, 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 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 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 temperature chosen for the calculations is essential. For the non-heat-treatable alloys the 
temperature should be close to the solution heat treatment temperature, which is about 520oC. At 
this temperature most of the elements should be in solution in the aluminium matrix. For the 
heat-treatable alloys, the most important features are the precipitates, which include Mg2Si-β (in 
all 6xxx alloys), Al2Cu-θ (2xxx), Al2CuMg-S (2xxx) and MgZn2-η (7xxx). These precipitates 
give the maximum strength in the artificially aged temper (T6). The microstructure in the T6 
temper is developed at a rather low temperature, where an equilibrium state would take a long 
time to establish and would not produce a hard temper. Instead the T6 temper is a metastable 
condition, which according to Ólafsson can be calculated using an equivalent equilibrium 
temperature, Teeq [58] 
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This temperature, Teeq was used when calculating the microstructure for the heat treatable alloys. 

All models for the properties, both the mechanical part and the technological part are based on 
the data from the ThermoCalc calculations [6]. Similar work has been performed for duplex 
stainless steels by Li et. al. [57], [59]. The idea is to be able to model several properties for a 
large set of alloys, instead of only one property for one specific alloy system. ThermoCalc makes 
this possible, when several alloy systems can be analysed simultaneously. From the 
thermodynamical calculations, it is the amount of element in solid solution and the amount of 
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precipitates that are used into the models. Together with well established theories for the solid 
solution hardening and precipitation hardening, linear regression is applied to the data collected 
from the aluminium database, AluSelect [5].  

The correlation between microstructure and properties needs not 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: find an existing alloy that is sufficiently 
close to the optimum one, or 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. 

6. Materials selection 

In traditionally materials selection one chooses between a limited numbers of materials which 
have been used for a similar component earlier. This leads to conservative choices where new 
developed materials are not taken into considerations. Also a change in the design may lead to 
failure when using the same material as in earlier constructions. Most importantly this choice of 
material will most certainly not be the optimal one. Therefore a more systematic approach has to 
be developed. Step one is to specify the demands for the component and translate them to 
requirement on material properties. With these requirements it is possible to make a pre-selection 
where all groups of materials that do not fulfil the demands are deselected. To be able to perform 
the pre-selection it is necessary to have access to material databases. After the pre-selection there 
is a discriminating search among the chosen material groups. In this step one has to list the 
manufacturing processes for the different material types and specify demands on the 
manufacturing. After the discriminating search there will be a list of possible material candidates 
left to be further analysed. The final step is to perform the optimisation among these materials, 
and analyse the final choice.  

6.1 General problem formulation in materials optimisation 

Materials optimisation uses mathematical methods to find the optimal structure/material 
combination for a given situation. In the first stage of a materials optimisation all types of 
materials could be considered as possible candidates, but after the pre selection and 
discriminating search, only the materials that satisfy all de-selection requirements remain. In the 
mathematical approach, the problem has to be well-defined, with distinct boundary conditions 
(constraints). A materials optimisation problem has the following general appearance, minimise 
(or maximise) a target function, f subjected to constraints g and h  

  Px,ff   (34) 

   gj njg ,...,2,10, Px  (35) 
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   hk nkh ,...,2,10, Px  (36) 

where x = (x1, x2, x3,...xn) are the geometrical variables, and n is the number of geometrical 
variables. The material is represented by P = (P1, P2, P3,...Pm) where Pi is material property i and 
the total amount of properties that are considered is m. ng is the number of inequality constraints 
and nh the number of equality constraints. The target function could be the component weight, 
and is then given by: 

  xVf   (37) 

where ρ is the density and V is the material volume of the component, which only depends on the 
geometrical parameters x. The variable x describes the geometry of the component and could be 
the thickness of a part, the length, width, etc. The number of geometrical variables is determined 
by the component which could be rather complex. A special case of constraints, are the given 
limits of the geometry. Is it assumed that there exist upper and lower bounds on the geometrical 
variables 

 nixxx
UL iii ,...2,1  (38) 

For a tube with a given length, the radius and the thickness can be used as geometric variables. 
For an engineering beam one could vary the type of cross section, which could involve several 
geometric parameters. The upper and lower limit of the geometrical variables can also be due to 
restriction in manufacturing techniques and available dimensions. The materials optimisation 
problem belongs to structural optimisation but with special focus on materials [60], [61]. The 
constraints, usually inequality constraints for materials optimisation problems give limits to the 
geometrical parameters which have to be considered. Often, the constraint depends on only one 
material property and then eqn. (35) could be expressed as 

   gjjj njPGg ,...,2,10  x  (39) 

In Table 7 this is illustrated for three different properties, the yield strength, the E-modulus and 
the thermal conductivity. 

Table 7. Three examples of common constraints for materials optimisation problems. 
Property Restriction Constraints 

σy (Yield strength) Maximum stress, σmax gσ = Gσ
max

(x)·fs- σy ≤ 0 

E (Young´s modulus) Maximum deflection, Δmax gE = GE(x)-E ≤ 0 

λ (Thermal conductivity) Minimum heat flow, Φmin gλ = Gλ(x) - λ ≤ 0 

The first constraint gives a condition of the component that the yield strength must be higher 
than the maximum stress times a safety factor. This will influence the allowable values of x, 
where too thin a construction will deform. A high value of the strength means that the 
component may have a weaker construction. The second constraint gives a limitation due to 
maximum deflection. This is typical for an engineering beam, which is not allowed to bend more 
than a given distance. The deflection depends on the geometry and the E-modulus. The load case 
is normally assumed to be fixed for the component but can be included as a parameter which is 
common in structural optimisation [60], [61]. The third constraints give limitation of the heat 
conductivity, which is of importance for a heat exchanger. Then the construction has a given 
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minimum value of the heat flow, which will depend on the geometry and the thermal 
conductivity. All properties that in this way influence the final geometry are called sizing 
properties. 

The properties that are difficult or impossible to link with the geometry cannot be represented as 
in eqn. (39) and are called discriminating properties. In the problem formulation they are given 
with lower and upper bounds 

 njPPP
UL jjj ,...2,1  (40) 

For some properties there is only a lower limit, and for others only an upper limit. Many of the 
properties in this category are not defined in the same way for different kinds of materials. 
Examples of properties that are defined differently for different material groups are weldability, 
and corrosion properties. The weldability depends on completely different mechanisms for 
stainless steels compared to aluminium alloys. Therefore, when giving general demands for these 
properties it is difficult to compare materials between each other. Many discriminating properties 
could easily be compared between materials. Examples of such properties are the temperature 
interval where the material can work properly and physical properties such as the heat or 
electrical conductivity. 

6.1.1 Problem with the general approach 

Many materials optimisation problems may be formulated by eqns. (34)-(40). Using fewer sizing 
and more discriminating properties will reduce the optimisation problem. This is the case when 
the discriminating properties are introduced in the pre-selection and discriminating search. In 
these two steps the material are screened leaving only the available materials left for the final 
optimisation step. The discriminating properties are not always easy to formulate, especially 
when several types of materials are considered. In the pre-selection only properties that could be 
compared between different material groups are included.  

For real design cases the constraints and the target function are not easily expressed by algebraic 
equations. Actually only limited cases can be described correctly with algebraic equations, for 
example engineering beam cases [62], [63] and trusses [60], [61]. For more complicated systems 
this is not possible. Then it is possible to use approximations from simplified geometries or use 
FEM calculations [64], [65], the latter being more common. In practice, the engineer that works 
with optimisation problem needs software that includes FEM and an optimisation package as 
well as a linkage between the two. Another problem is the high computational cost if the 
problem involves many variables. Therefore the problem should be limited in both variables and 
constraints as much as possible [60]. These simplifications of the problem that may be needed 
must not conflict with the demands and should not influence the final result too much. 

6.2 Pre-selection 

The basic principle of pre-selection is to sort out material groups that do not fulfil the general 
demands. The result from the pre-selection is a list of material types fulfilling the basic 
requirements. Attempts to work with materials that only partially satisfy the requirements have 
not been very satisfactory. The pre-selection is followed by a discriminating search, where 
individual alloys and material are analysed. The result from a pre-selection procedure could be 
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that for a given situation, aluminium alloys or stainless steels are the only materials fulfilling the 
general requirements. Typically the pre-selection deals with general property demands and the 
properties can be roughly estimated for each material group. In Table 8 some typical properties 
checked in the pre-selection are listed. As an example plastics could be excluded if the 
component should have a high electrical conductivity with a few special exceptions.  

Table 8. Example of properties to take into consideration in the pre-selection. 
Properties Examples 

Physical Temperature range, electrical and heat conduction, thermal expansion, density 

Environment Corrosion, oxidation, UV-radiation, toxicity 

Mechanical E-modulus and strength, ductility  

Availability Price 

6.2.1 Temperature 

There is both an upper and a lower limit of the temperature where a material can operate without 
its properties deteriorating. These temperatures are dependent on the environment and the 
stresses. If the environment is corrosive, the corrosion rate often increases with increasing 
temperature. If there are high stresses the component will be exposed to creep at high 
temperatures. Therefore it is important to know what the service temperature, of the component 
are. The upper temperature is limited by different mechanisms. Some materials will age at 
increased temperature, and others will rapidly oxidise. For steel the upper limit is determined by 
the spalling temperature. Over this temperature the oxidation layer is not protective anymore and 
the material will be consumed by oxidation. 

Up to about 50oC almost all materials are available. Increasing the upper limit to 100oC will 
exclude some plastics, but still many engineering plastics manage up to 150oC. In Table 9 the 
maximum temperature for different metals are listed. 

Table 9. Maximum temperature for different alloys, taken from the ASM handbook (approximated values) [66]. 
Material Highest temperature  

for continuous usage, oC 

Al-alloys 100-200 

Cu-alloys 100-200 

Duplex stainless steels 300 

Unalloyed ferritic steels  300-450 

Ti-alloys 350-520 

Ni-base superalloys 1050-1200 

The lower temperature limits are determined by different mechanisms depending on the material. 
Many plastics are brittle at low temperatures. Some metals are also brittle at low temperatures. 
Materials with FCC structure are less susceptible to brittle fracture, and are therefore used at 
cryogenic temperatures. Materials that are going to operate at low temperatures must have a high 
toughness, and the data often used to determine this property is the impact energy. This demand 
is more important for welded components, since welded joints have defects that could initiate a 
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brittle fracture. In the pre-selection only rough estimation of the given temperature is needed, 
then in the discriminating search a more exact value is needed. 

6.2.2 Environment 

In this section the corrosion and oxidation properties of the material comes into consideration. 
Depending on the chemical environment different materials have to be deselected. Other 
environmental factors are the sensitivity to UV-radiation (for polymers), and toxicity which is 
important for materials involved with packaging and handling of food. For the corrosion 
properties it is important to have handbooks for the given environment for all materials that are 
considered for the properties. Typical data that is of interest is the corrosion rate for a given 
material at a given concentration. Then the condition could be that if the total amount of material 
that is corroded in 10 years is less than 1 mm the material can be chosen. The upper temperature 
limit is also strongly dependent on the environment. As for the temperature condition there is 
only a general consideration at this stage followed by a more exact demand in the discriminating 
search. 

6.2.3 Physical properties 

These properties are easy to deal with, due to well defined values. Examples of physical 
properties are the heat/electrical conductivity, thermal expansion coefficient and density. 
Depending on the component these properties could be included into the sizing properties. They 
may also be used in the pre-selection where materials with conductivity under a certain limit are 
deselected. If there is a high demand on the conductivity metals, such as aluminium or copper 
alloys is most likely to be the best choice. The pure metals have the highest conductivity, but are 
also the softest state.  

6.2.4 Mechanical properties 

These properties are usually included as constraints in the optimisation, but could still be used in 
the pre-selection. The demand could be a lower limit to the E-modulus or the strength, which is 
dependent of the geometry of the component. At this stage it is only materials with an order of 
magnitude less or above the expected values that are deselected. Other examples of mechanical 
properties are the ductility and fracture toughness, which may limit the selection. 

6.2.5 Material charts 

One way to visualize the pre-selection is by using material charts, which was introduced by 
Ashby [62]. These charts have material properties, or merit indices on each axis, see Figure 14 
for illustration. If the weight of a beam is to be minimised, where a maximum deflection is 
specified, E1/3/ρ will be the merit index for this property (see the example in section 6.4.1). Then 
it is possible to draw straight lines, and along these lines the merit index is constant. Materials 
along this line will give the same weight for this application if no restriction is taken for the 
geometrical variables. If this is done for the properties of interest, it is possible to rank materials. 
This technique can be used for several applications, both small and large components, as for the 
machine tool frame [64], microsystems [63], [67], and bicycle frames [68].  
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Figure 14. Example of a material chart with the E-modulus on the y-axis and the density, ρ on the x-axis [10]. 

Typically one would need more than one material chart to be able to find good candidate 
materials, due to the complexity of most cases in materials optimisation.  

6.3 Discriminating search 

After the pre-selection, which give us the types of materials that is possible to use for a 
component, a more accurate search is needed. At the discriminating search individual alloys are 
analysed from the materials group selected in the pre-selection. More accurate data for the 
properties is needed in this step compared to the pre-selection which deals with more general 
assumptions. The different materials groups left from the pre-selection is analysed separately. 
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Due to difficulties to generalize some properties for a material group, not all properties are taken 
into account in the pre-selection. These missing properties must be considered in this step. 

6.3.1 Manufacturing properties 

Depending on the component, different machining operations or joining methods have to be 
performed. Examples of operations are welding, cold forming, hot working, cutting operations 
etc. Typically these properties are represented by an engineering index as in AluSelect 1-7 [5], 
where a high value means better performance (there are several different system with different 
scaling). Typically theses properties are difficult to compare between different types of materials. 
If the components are to be welded or machined, it is set up as a demand that the material should 
be weldable or machinable. The weldability of different materials is controlled by different 
mechanisms and usually one uses property values ranging from excellent (grade 7) to not 
available (1) for these properties. One requirement may be that the component should easily be 
welded to another part. Of course it is important to know what kind of material the component 
should be welded to. The chosen limit is determined by the importance of that property. If 
several machining operations are going to be performed the machinability index demand should 
be increased. If not the cost for the machining operations most likely will increase. 

6.3.2 Environment properties 

The corrosion properties differ within the material groups. The general corrosion properties in air 
or in coastal environment is often graded 1-7 [5], where 7 means excellent corrosion properties 
in this environment and 1 means that it will corrode quite fast. Then the requirement could be 
that the corrosion properties should be above 5 or that the corrosion must be less than 0.1 
mm/year. There exist several ways to represent these properties, and the one above is just one 
example. The corrosion rate for a specific material is dependent on the temperature and 
concentration of the corroded medium.  

6.3.3 Environmental impact 

The environmental impact must be considered in the materials selection, where toxic substances 
should be avoided and the energy consumption should be as low as possible. Examples of toxic 
element are lead and cadmium, and to reduce the energy consumption one should use scrap when 
possible in the alloy production. There exists eco indicators for alloys which could be used as 
guidance, for example Eco indicator 99 [69]. The eco indicators follow the principle of a life 
cycle analysis (LCA), and include several factors. Examples of these factors are carcinogenetic, 
respiratory effects, climate change and eco toxicity. Each element has been analysed by a full 
LCA which give the total environmental impact on different categories. These should be used 
with care due to several uncertainties. In the discriminating search material with a too high 
impact on the environment is deselected. 

6.3.3 Availability 

Product forms and price are two important factors in the materials optimisation. The product 
forms for different materials differ, and if one has to perform expensive machining to the 
component the total price is increased. The material price itself is also of major importance.  
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6.3.4 Summary 

Starting with all engineering materials, the pre-selection reduces the number of materials to the 
possible material types that can be used. Then the discriminating search reduces it even further to 
specific alloys/or materials that could be used for the given component. After the discriminating 
search there will be a limited number of materials left which all satisfy the basic requirements. 
The next step is to find out which of the selected material is the optimal one. 

6.4 Optimisation 

At this stage the focus is back to the target function, eqn. (34) together with the given constraints, 
usually given by the simplified version defined by eqn. (39). In most materials optimisation 
problems the target function is rather simple, and does not include material properties (except for 
the density and possibly material cost per kg). Three common examples of target functions are 
the volume, the total weight, and the total price of the component. Merit indices [70] are 
introduced to rank the given materials, where each constraint in eqn. (39) gives a unique merit 
index. A merit index involves the material properties in the target function and the constraints. 
How to determine the merit index will be explained by an example. 

6.4.1 Merit index 

Consider a beam with rectangular cross section area fixed at both ends exposed to a force F as 
illustrated in Figure 15, where the target function is the total weight that should be minimised.  

 

Figure 15. Freely supported beam with rectangular cross section subjected to bending. 

Let h be the only geometrical variable that can be varied. Our constraints are the first two given 
in Table 7, which gives limit to the deflection Δ and also prevents failure. Then eqns. (34), (38) 
and (39) take the following form: 
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where ρ is the density, c is the largest distance in the cross section from the neutral line through 
the centroid, I is the moment of inertia, and μ and δ are constants depending on the load 
distribution and how the beam is fixed. The next step is to solve h from eqn. (43) and (44): 
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Then the target function could be expressed as: 

  EL hhhbLf ,,max   (47) 

This will give rise to three merit indices, one for each constraint. The merit index, Q is defined as 
the inverse of the material dependent part of f by: 
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For different materials, different constraints are active. Constraint i is active if the final 
dimension depend on constraint i (i could be 1, σ or E in this example). The merit index with the 
highest value is the best material for the given constraints. In this case it is easy to determine 
which constraint is active, namely the one giving the highest value of h. Using a lower value of h 
would violate at least one of the constraints. When one has determined what constraint that is 
active for the different materials, one can separate them into three groups. In the first group it is 
the geometrical constraint that is active, and in the second it is the strength that is active, and for 
the third group it is the E-modulus that is active. Within each group, the one with the highest 
merit index is the optimum material for that constraint. The next step is to compare the three 
remaining materials using eqn. (47) and the one with the lowest value is the optimal material.  

6.4.2 Merit exponents 

Depending on the situation it sometimes is not possible to derive the explicit solutions given by 
eqn. (48). For this case one can calculate the merit exponents, q, whose relation to eqn. (48) is 
(for Qσ): 
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In the above case this merit value should be 1/2 (the exponent for σchar in Qσ). For a general case 
it is not that straight forward to find the merit exponent. Assume a case with n geometrical 
variables where the merit exponent is to be calculated for all cases where one property constraint 
is active. First step is to make a Taylor series expansion of the logarithmic of the target function f 
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Next the same is done for the property constraint GP which is equal to the property P when it is 
active 
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For simplicity, let xi (i = 2..n) be constants, then the merit exponent is given by 
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These merit exponents can be used when creating the control area diagrams (see section 6.4.3). 
Using eqn. (52) for the constraint given by eqn. (43) and the target function f by eqn. (47) gives 
the value 1/2 as stated before.  

Another interesting case occurs when n property constraints, P1 P2... Pn are active at the same 
time. The merit exponents for these situations are called multi-dimensional merit exponents. As 
in eqn. (51) all GPn

 are expanded for i = 1...n (n properties active require n involved variables). 

Eqns. (50) and the expanded variant of (51) in matrix form gives 
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where  
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The solution to eqn. (53) can be inserted in eqn. (50) 
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Then the merit exponents can be extracted from eqn. (55) 
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When constructing a control area diagram one can use the result from the merit exponents. They 
can also be used in the ranking of materials. The corresponding merit index to eqn. (56) is: 
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6.4.3 Control Area Diagrams (CAD) 

CAD is a useful tool in materials optimisation [71], due to the problem of knowing the active 
constraints. It uses two material properties, one on each axis (it is also possible to have a 
combination of properties on the axis depending on the situation) and a geometrical restriction 
together with a target function that should be minimised (or maximised). For a mechanically 
loaded component, the properties on the axes are typically the yield strength, σy and the E-
modulus. From the CAD it is then possible to see what parameter/parameters that is sizing for a 
given set of the properties E and σy. It could be the strength, the stiffness, the geometric 
condition or a combination of these. The sizing property is by definition the property that will 
determine the final size of the product.  

The interpretation of a CAD will be illustrated for the same case given above for the merit 
indices, see Figure 15. Eqns. (41)-(47) will be used to create the diagram. From the inequality 
constraints the equality constraints can be used to calculate the solution boundaries from eqns. 
(45) and (46). From those equations it is possible to get three different conditions, see Table 10. 

Table 10. Formulation of the active constraints for the beam case. 
Active constraint Condition 1 Condition 2 

Stiffness active (E) hE ≥ hσ hE ≥ hL 

Strength active (σ) hE ≤ hσ hσ ≥ hL 

Geometric condition active (h) hE ≤ hL hσ ≤ hL 

With the information from Table 10 and eqns. (45)-(46) it is possible to draw the CAD. The data 
for the material that are included is given in Table 11. The two corners in the diagram represent 
the upper and lower limit of the geometrical condition. In area A the final size of the beam is 
determined by the yield strength (the low strength steel fall into this area. In area B is the E-
modulus that determine the final size (the high strength aluminium alloys fall into this area). In 
area C it is the lower geometrical limit that determines the final size (the high strength steel fall 
into this area). In the last area, D, the upper limit is not enough and therefore materials within 
this area cannot be used for this case (the pure aluminium alloys fall in this area). 

 
Figure 16. Interpretation of a CAD for the engineering beam with a rectangular cross section, including 4 materials 
given in Table 11. 
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Table 11. Material data used in Figure 16. 
Material Sign E (GPa) Rp0.2 (MPa) 

AA-1199-O + 69 20 

AA7075-T6 x 72 505 

C-Mn Steel (P220) . 205 220 

C-Mn Steel (P1300) * 205 1300 

When the shape is more complicated and the physical constraints cannot be formulated in such a 
simple way it is still possible to perform a CAD for that situation. The geometry is then drawn by 
suitable software. The physical situation with all necessary boundary conditions is calculated via 
a FEM program. The following steps are then performed to create the diagram, see Table 12: 

Table 12. Steps using Comsol Multiphysics [72] and Matlab environment when creating a control area diagram. 
Step Description 

1 Draw the geometry 

2 Insert the geometry into a FEM environment, and define the boundary conditions, and material properties. 

3 Solve the problem for the given material and material properties in the FEM environment. 

4 Save it as a Matlab file (possible from Comsol Multiphysics  [72]), and change the code so the constants that 
should be varied are variables (geometrical constants and material properties). Then it is possible to calculate 
the FEM structure for different geometries and different values of the material properties. 

5 Check the property space (one property on the x-axis and the second on the y-axis) and for each point see 
what constraint is active. This step can be performed in several ways. 

The next step to perform a materials optimisation is to determine the final size for the given 
materials (the candidate materials), and calculate the target function. The material that gives the 
lowest value is the optimum material. For a case with several geometrical parameters it is not 
always straight forward to know what parameter to be varied first when going from the optimal 
position. Then it is possible to use the merit exponents. For a situation with two geometrical 
variables (could be h (=x1) and b (=x2) in Figure 15) starting at the optimum position (the 
weakest point needing the best material) there are two possible changes, either could x1 be 
increased or x2 (or decreased depending on the situation). The parameter corresponding to the 
lowest merit index is the parameter that is first to be varied. For example if the characteristic 
strength is the sizing property then one should start increasing x1 if qσx1

 < qσx2
. Within each 

domain the merit indices rank the materials. To find the optimum material one compares the 
materials with highest merit index in each domain. 

6.5 Structural optimisation 

This is a mathematical approach, and deals with more complex structures. A common tool within 
structural optimisation is linear programming [60], [61]. This is a field within the optimisation 
field often used by aerospace and automotive industries. For these industries it is often weight 
that should be reduced. The structural optimisation includes design sensitivity analysis [73] and 
topology design [74]. The topology design is often used in the early stages of a design cycle, 
when the design is not so restricted and the designers have free hands. So, generally one can start 
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with topology optimisation, and use the result from that and make a more fine-tuned structural 
optimisation after that. 

The requirements for structural optimisation are first of all that the design should be feasible, and 
the optimum design must be specified by some criteria (lowest price, lowest weight etc). Typical 
situations for the structural optimisation are different bar trusses, stiffeners or technological 
beams, with well-defined load cases, but it is not restricted to these cases. 

The general procedure is to minimise or maximise a target function F(x) [60], where x is the 
design parameters. The design parameters could be both the geometric variables and the material 
properties. The design variables can be either continuous or discrete, but usually the discrete 
values are treated as continuous variables and at the final stage the discrete value that is closest 
to the optimal value is chosen. Geometrical parameters are example of continuous variables 
whereas material properties are discrete. The geometrical parameters could also be discrete if the 
optimisation is limited to available sizes. Optimisation problems are either constrained or 
unconstrained, but typically for engineering situations the problems are constrained. The 
constraints were defined by eqns. (35) and (36). Together, the constraints, the target function and 
the design parameters define the optimisation problem. All possible designs that can be 
generated from eqns. (34)-(38) are called the design space (allowable area) [60]. The design 
variables divide the domain into one feasible and one infeasible domain. In the former all points 
satisfy all the constraints, and in the latter at least one constraint is not fulfilled [60]. Typically 
the optimum is at a border between the feasible and the infeasible domain, where at least one of 
the inequality constraints are equal to zero. If this is not the case, the constraints will not 
influence the result. A constraint is called active if it is equal to zero for the chosen design and 
inactive if it is less than zero (this is only valid for the inequality constraints, see eqn. (35)).  

The optimisation problem is linear if both the constraints and the target have a linear relation to 
the design variables: 

   nn xxxF   ...2211x  (58) 

but if any of the functions (the target function or the constraints) does not have this linear 
relation, the problem will be non-linear. A nonlinear case can be made linear if the target 
function and the constraints can be expressed in the following form: 

         nn xxxF log...logloglog 2211  x  (59) 

Eqn. (58) is a single objective function, but in many cases not only one parameter is to be 
optimised, but a combination of several. The optimisation problem is then called a multiple 
objective optimisation problem. A common method is to reduce multiple problems to single by 
the following operation: 

        xxxx nnFFFF   ...2211  (60) 

where β is a weighting coefficient, and n is the number of functions included into the 
optimisation operation. A second approach is to choose the most important objective function 
and optimise it and give limits to the other objectives (the rest of the objectives then act as 
constraints). 

One common approach when solving the optimisation problems is the use of iteration. The target 
function F is calculated for an initial starting design, x0. Then a search direction sI within the 
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design space is determined (the function should be minimised in that direction) and a new 
minima is a new starting point, the I:th iteration point is then: 

 IIII sxx 1  (61) 

where δI the step length. For a positive step along s (δ > 0), the requirement is (for minimisation 
of F): 

    II FF xx 1  (62) 

For a non-constraint problem, one can use the steepest descent as the direction [60]: 

  II F xs   (63) 

where F is the gradient of the target function. More advanced iterations uses higher order 
derivates to determine the search direction. When using iterative search it is important to know 
when to stop. One can use a predefined number of iterations, or use a convergence criterion. 

7. Summary of contributing papers 

Paper I: 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 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
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LN   (64) 

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

ib  the size misfit parameters, c the chemical composition in atomic fraction,  the 

ferrite content area fraction in percent, d the grain size, and t the product thickness. f() 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 13. 

Table 13. Result from the multiple regressions, eqn. (64) for the stainless steels. 
R KLN AN At f() g(N) 

Rp0.2, eqn. (64) 17998 125 7.9 (6.15-0.054) (0.24+1.1N) 

Rm, eqn. (64) 36382 583 8.5 - 0.41 



47 

 

 
Figure 17. Measured yield strength (room temperature) compared with yield strength evaluated by regression 
analysis of eqn. (64) and with models of Pickering [75] and Nordberg [76]. 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 eqns. (4) and (5) which 
gives 18400. The elongation data was also modelled with a similar approach to eqn. (64) with the 
same parameters and has the following appearance: 

 2/1-1/2
5 03.01500.8tSi13Mo1.2Ni6.0N9.658  d.-A   (65) 

Here all individual elements were included in the regression analysis separately, and the other 
parameters were treated as in eqn. (64). Most of the elements show a negative effect to the 
elongation except for the nickel content. The same approach as eqn. (65) 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   (66) 

 
Figure 18. Measured elongation (room temperature) compared with elongation evaluated by regression analysis of 
eqn. (66). The amount of data was randomly reduced from 1114 to 150 data points to improve visibility. 



48 

 

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, what 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 [75] and Nordberg [76]. The accuracy is similar to the previous studies, but 
the model by Nordberg overestimates and the model by Pickering underestimates the yield 
strength for the present data. 

Paper II: 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 L
4/3c2/3, where L is the Fleischer 

misfit parameter and c the solute concentration. A linear model to c for the solid 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 
[26] 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 eqn. (67) and the engineering model is given in eqn. (68). 

    3/4
,

3/2
65

2/1
4321 iLipphys cHCCfHCCHCCR   (67) 

SiAFeACuACrAMnHAMgHAHAAR SiFeCuCrMnMgeng  )()(21
 (68) 

Regression analysis of yield strength data can be found in Figure 19 and for the elongations in 
Figure 20 and the regression analysis result in Table 14 and Table 15. 
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Figure 19. Harmonised yield strength values, Rp0.2 from AluSelect [5] compared with the yield strength evaluated 
from eqn. (67) with the parameters in Table 14. 

 
Figure 20. Harmonised elongation values, A5 from AluSelect [5] compared with the elongation evaluated from eqn. 
(67) with the parameters in Table 14. 

Table 14. Result for the physical model eqn. (67) 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 15. Result for the engineering model eqn. (68) 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 

1 the regression for the 1xxx alloys, 3,5 regression for the 3 and 5xxx alloys 
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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 inside two standard 
deviations for the yield strength. As can be seen in Figure 20, the elongation data does not show 
the same good correlation with microstructure.  

Paper III: 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 [19], [20]. 
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 [6] with the TTAL5 [8] 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 2xxx (Al-Cu and Al-Cu-Mg), 6xxx (Al-Mg-Si) 
and 7xxx (Al-Zn-Mg) series. The same model for solid solution hardening that was successfully 
applied to non-hardenable alloys in paper II has been used. For precipitation hardening, particle 
cutting and the Orowan mechanism have been considered, eqn. (69), but the cutting are only 
considered in the T4-temper: 

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

i
cLip fCfCcR     (69) 

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, eqn. (70), where 2.0,Rpp  represents the 

increase in yield strength due to the precipitation hardening. 

  
i

RppLi CcCCR 2.0,3
3/43/2

21   (70) 

(C1 and C2 are taken from paper II). The results for the yield strength and the tensile strength can 
be found in Table 16. Such models are useful in materials optimisation and selection. Regression 
analysis of yield strength data for the T6 temper can be found in Figure 21. 
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Figure 21. The yield strength is plotted using eqn. (70) for the artificially aged temper, T6. 

Table 16. Results for the non-hardenable alloys for two of the tempers (O and T6) using eqn. (70). 
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 double. The elongation data could not be 
modelled successfully with this approach for the hardenable alloys. 

Paper IV: Modelling Technological Properties of Commercial Wrought Aluminium Alloys 

In this paper three different technological properties have been modelled for the commercial 
wrought aluminium alloys. The properties that were modelled are, the general corrosion 
resistance, the weldability and the machinability. The data was collected from AluSelect [5], 
which represent the alloys with performance indices, 1-7 where 7 means excellent property and 1 
that it is not applicable for that use. These data was fitted by regression to the chemical 
composition and the microstructure characteristics. The microstructure was calculated for all the 
alloys by using ThermoCalc [6], with the database TTAL5 [8].  

The modelling approach for all of the three properties was: 

 
i

iij ERCP  (71) 

where P is the performance indices for property j (general corrosion, weldability, or the 
machinability) and C is a constant, R is the regression coefficient for parameter Ei. The results 
for the three different properties are summarized in Table 17 and Table 18: 
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Table 17. Result for corrosion and weldability, showing the regression coefficients Ri, for the parameters Ei, where 
all amount is in wt.%. 
Property Const. Cuss Cup Znss Tip Fep Zr θ+S* η* Bi+Pb 

Gen. corr. index 6.0 -0.75 - -0.50 17 -0.23 - -0.18 -0.29 - 

Weldability index 6.1 -0.43 -0.83 -1.0 7.8 - 10.3 - - -0.3 

* θ is Al2Cu, S is Al2MgCu and η is MgZn2 precipitates 

Table 18. Result for machinability, showing the regression coefficients Ri, for the parameters Ei. 
Property Const. Bi+Pb  HV* k* A5* 

Machinability index 2.3 1.9 0.024 0.0035 -0.019 

*HV is the hardness, measured in Vickers, k is the thermal heat conductivity, and A5 is the elongation 

Where Xss means the amount of element X in solid solution and Xp means the total amount of the 
element X that is not in solution with the aluminium matrix. X with no subscript means the total 
amount of that element. The machinability index depends on the temper, and therefore hardness 
and elongation are included into the models, since the element for the non-hardenable alloys are 
the same for the different tempers. The heat conductivity was included due to the fact that the 
ability of disposing heat is important for the machinability. In Figure 22 below the general 
corrosion are plotted using eqn. (71) 

 
Figure 22. The predicted corrosion index using eqn. (71) plotted against data from AluSelect [5]. 7xxx is the Al-Zn-
(Mg) alloys, 6xxx is the Al-Mg-Si alloys and 2xxx is the Al-Cu-(Mg) alloys. The NonH is all of the non-heat-
treatable alloys, including the pure aluminium (1xxx), the Al-Mn (3xxx) and Al-Mg (5xxx).  

All the non-heat treatable have high general corrosion resistance and are easily welded using TIG 
or MIG technique. Copper and zinc both reduces the weldability and the corrosion resistance 
while the titanium and zirconium show some positive effects. Bismuth and lead acts as a 
lubricant to the alloy which increase the machinability slightly reduces the weldability.  

Paper V Merit exponents and control area diagrams in materials selection  

In this paper useful tools are introduced for materials selection and materials optimisation 
problems. A general way to formulate a materials optimisation is by 
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  xMFf min  (72) 

   gjjj njPGg ,...,10 x  (73) 

 UL xxx   (74) 

where f is the target function to be optimised (minimised or maximised), M are the material 
related properties and F the geometry dependent properties, gj are the constraints and xL and xU 
are the lower and upper limits of the geometry. When a constraint is active gj(x) in eqn. (73) is 
equal to zero. To find the merit indices, Q eqn. (73) has to be solved for a given situation and 
then be used in eqn. (72). The inverse of the material dependent part are called the merit indices, 
Q for that situation. As a generalisation of the merit indices the merit exponents qpjxi where 

introduced, related to the merit indices by 
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where Pj is the property, and xi the geometrical parameter. One can calculated the merit exponent 
by 
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This exponent is helpful when creating a control area diagram (CAD). To illustrate this 
technique a problem with engineering beams with a rectangular cross section and with an I-
shaped cross section (I-beam) was used. The constraints for this case are a given maximum 
deviation of the beam, and the criteria that the beam shall not plastically deform. The CAD for 
the beam with a rectangular cross section is illustrated in Figure 23. 
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Figure 23. Control area diagram (CAD) for a beam with a rectangular cross section, where the parameters inside the 
open areas give information of what parameters that are the sizing properties. 
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As an example in the area E, x2L the optimal solution is where the young’s modulus are sizing (in 
this case give the value of x1 so the beam does not deviate more than the given maximum) and 
when x2 = x2L. By using the merit exponents it is possible to know the order of how to change the 
geometrical parameters which most effectively keep the target function as small as possible. 

Paper VI: Materials selection for a cooling plate using control area diagrams 

In this paper the merit exponents are developed further. The cases here are a heat tube and a heat 
plate, which should transfer heat and should withstand the pressure from the cooling liquid. A 
CAD was produced for both cases, and for each area in the CAD the corresponding merit 
exponent was calculated. The merit exponents for the plate were calculated by using FEM 
calculations. From the CAD in Figure 24, it could be seen that there is an area where two 
property constraints are active at the same time. The merit exponent for such a case was  
developed, and is defined as: 
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where qPi
 are the merit exponent for property Pi, f is the target function and A is a matrix defined 

as 
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Figure 24. CAD for the heat plate showing active constraints. 
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The results for merit exponents are given in Figure 25, where a higher value of qσ compared to qk 
gives the information that it is more beneficial to increase the characteristic strength instead of 
the thermal conductivity. 

 

Figure 25. Merit exponents for the plate in the k σ area given in Figure 24. 

With this general approach it is possible to make CAD for a variety of situations. The merit 
exponents are helpful when constructing the CAD for a specific problem.  

8. Conclusions 

 A model for solid solution hardening uses the equations by Labusch and Nabarro 
which state a relation between the element in solid solution and the increase in  
strength Δσ. The Labusch-Nabarro relation includes misfit parameters which were 
successfully calculated 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 modelled, 
taking cutting and the Orowan mechanisms into account. 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 influence of tempers for the non-hardenable alloys was modelled by a single 
parameter called H, where H represents the amount of cold work. A number of 
mechanical properties were successfully evaluated by multiple regression.  

 Three technological properties were modelled for aluminium alloys, namely general 
corrosion, weldability and machinability using engineering indices. The effects for 
specific alloy additions were analysed, together with the effect of different 
precipitates.  



56 

 

 A general guideline to produce a control area diagram was developed (also called 
CAD), which is a useful tool in materials selection. 

 The concept merit indices which are used to rank materials were developed by 
introducing the merit exponents that can be computed for a more general problem. A 
merit index does depend on the explicit solution of the involving variables. Formulae 
have been given for deriving the merit exponents for both single property 
dependence, and when more than one property constraint is active. Both the merit 
indices and exponents are valid in a certain range of the property values, which could 
be seen from the controlling area diagram. 

 A CAD contains different areas (domains) associated with one controlling merit 
exponent. If there are n geometrical variables in materials optimisation problem, 
there are n, n+1, and n+2 active constraints in each area, border line, and corner 
point, respectively. Adjacent elements have active constraints in common. This 
knowledge is useful when setting up the CAD.  

 For future aluminium alloys 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. A 
possible development is to link both these models and use the microstructure 
property relations into the CAD structure. Then the structure depends on the property 
which in turn depends on the microstructure and chemical composition. 
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