
 

 

 

 

 

 

 

 

 

 



 

 

 

  



 

 

 

Abstract 

 

The work presented in this master thesis deal with the issue of quenching, investigation regarding 

different cooling rates and its effect on the material properties of aluminum alloy in the 6xxx 

series used for crash purposes in cars, such as crash boxes, beams and other crash relevant parts. 

Precipitation of Mg2Si due to different cooling rates affects the material properties such as crash 

performance, thus the aluminum alloy used is sensitive to different cooling rates. In order to 

perform tests with different cooling rates a cooling rig was constructed. 

In order to evaluate the different cooling rates both mechanical testing such as tensile test and 3-

point bending test and compression test were performed. Also analyses with scanning electron 

microscope/energy-dispersive x-ray spectroscopy were performed to estimate grain boundary 

decoration of Mg2Si due to the different cooling rates. Furthermore LOM analyses were 

performed to evaluate if the experimental setup had any effect on material properties such as 

grain size. 

The constructed cooling rig produced different cooling rates with reliable repeatability as 

intended. Cooling rates between                  C/s were accomplished. 

Mg2Si occurred in all investigated test samples with various amounts. Higher cooling rates 

decreases the precipitation of Mg2Si to the grain boundaries, higher cooling rates also increased 

the bending angle achieved from the 3-point bending test. 

Furthermore, extensive solution heat treatment at elevated temperatures leads to grain growth.    
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1 INTRODUCTION 

There is today an increasing demand for weight-reduction in constructions due to environmental 

and social pressures, and the automotive industry is no exception. It is easy to realize that a 

reduction in weight when a car is being designed gives many advantages. Reduced fuel costs and 

thereby it also contributes to lesser impact on the environment. This is why there has been an 

increasing request on developing aluminum alloys with continuously better material properties 

such as strength, ductility, corrosion and further more. 

Sapa Technology develops aluminum alloys in the wrought 6xxx series for different uses in cars. 

The heat treatment for some of these alloys and especially the process step of quenching is 

considered as the most critical step in the process. To maintain the solid solution gained from 

solution heat treating process one must quench the alloy fast enough. If not quenched rapidly 

enough unwanted precipitation will occur which has a negative influence on the material 

properties. However, it’  not just about high quenching rates. There is also the consideration of 

distortion, warpage and residual stresses caused by rapid quenching which in many cases are 

undesired. Hence controlling and optimizing the quenching rates is important in order to achieve 

the desired material properties. 

The purpose of this master thesis is to conduct experiments regarding quenching. Trying different 

cooling rates and evaluating the effect on material properties for 6xxx crash alloys and trying to 

optimizing the cooling rate. 

In order to do this, a cooling rig has been designed and constructed. Most important is the ability 

to change the cooling rates, but also that it effectively quenches enough. 

Furthermore, to evaluate the effects of different cooling rates it is required to perform several 

different mechanical tests such as tensile test, 3-point bending test and crash test. It is important 

to evaluate these material properties because they play a crucial role in performance for 6xxx 

series crash alloys. In order to meet the requirement, 6xxx series crash alloys requires good 

material properties such as strength, ductility and the ability to absorb energy in the moment of 

impact. 

Also the need to investigate the amount of precipitation formed during different cooling rates is 

required. As mentioned above, failure to preserve the solid solution from solution heat treatment 

has a negative influence on the material properties. Precipitation of solute atoms on grain 

boundaries or other particles will not contribute to the subsequent strengthening. 

Scanning electron microscope and energy dispersive x-ray spectroscopy has been used to 

evaluate the amount of precipitation formed during different cooling rates. 

Furthermore light optical microscopy was used to evaluate if the experiment had any significant 

impact on material properties such as grain size. 
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2 ESSENTIAL MECHANISMS IN ALUMINUM 

2.1 DIFFUSION IN ALLOYS AND METALS 
 

First there are some important mechanisms that need to be explained. The term diffusion and 

what it means and what it does is explained in this chapter. Diffusion in aluminum alloys such as 

the wrought 6xxx series has a very important role. To achieve desired material properties from 

heat treatment processes it is important to understand diffusion. Basically diffusion is the 

movement of atoms relative to each other and these movements impact on the final material 

properties. 

In the list below the main diffusion mechanism is reviewed briefly. 

 

 Vacancies: Atoms and their movement can occur from several mechanisms, there is the 

possibility of atoms swapping locations with each other, see figure 1. But movement of 

atoms by vacancies in the lattice is also possible, this later mechanism is considered to be 

the main movement of atoms within the lattice. In the lattice, there are positions which are 

not occupied by atoms. If there exist a lattice vacancy then the activation energy required 

is significant less for the atom to move and place itself in the new lattice position. Not 

only is the energy required to move essential but also the number of free vacancies in the 

lattice, see figure 2. [1] 

 

The number of free vacancies within the lattice is important for the outcome. The 

vacancies can only be reduced by diffusion to sites of annihilation, thus the concentration 

of vacancies is temperature dependent. Equation 1 shows the diffusion coefficient, D0 

represent diffusion constant, Q is activation energy, R ideal gas constant and T is absolute 

temperature. The number of free vacancies increases with temperature. 

 

In combination with a fast quench and the temperature dependant mechanism of 

vacancies, a concentration gradient will be present. This concentration gradient greatly 

improves the aging result. [1] [2] 
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Figure 1 Atoms swapping location with each other in two possible ways within the lattice. [1] 

 

 

Figure 2 Vacancy diffusion mechanism. [1] 

 

D      
  

 

  
 
 (1) 

 

 Interstitial: This is one of two main diffusion mechanisms which occur in solid alloys. 

The second one is called substitutional. Whether diffusion occurs through interstitial or 

substitutional diffusion is highly depending on the size of the atoms in the solute and 

solvent. For interstitial diffusion to occur the solute atom must be sufficiently small 

enough to interstice between the larger solvent atoms. With increasing size of the 

interstitial atom the more activation energy is required to jump between interstitial 

locations. Also the crystalline structure of the solvent is important, this is because a more 

densely packed structure counteracts the ability for the solute atoms to move between 

sites. Interstitial diffusion is illustrated in figure 3. [3] 
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Figure 3 Interstitial atoms. [3] 

 

 Substitutional: Without vacancies in the lattice substitutional atoms requires a significant 

higher energy to move within the lattice see figure 1.Therefore diffusion through 

vacancies is recognized today as the primary mechanism for substitutional diffusion, see 

figure 4. As temperature increases both the number of vacancies increases and the thermal 

vibrations from the atoms in the lattice. This leads to higher diffusion rates with higher 

temperatures. [3] 

 

Figure 4 Substitutional diffusion through vacancies mechanism. [3] 

 

2.2 PRECIPITATION HARDENING 
 

Precipitation hardening is essential to explain since this is a vital part in the process to achieve 

desired material properties for 6xxx series aluminum alloys. Essentially the goal is to distribute a 

fine dispersion of particles in a ductile matrix leading to hardening. 

In precipitation hardening the solubility must be high at higher temperatures and low at lower 

temperatures, thus the solid solubility increases with increased temperature to a maximum. This 

is illustrated from the Al-Cu phase diagram in figure 5. 
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Figure 5 Showing binary phase diagram of Al-Cu, Maximum value for Cu solubility in Al is approximately 5,65% wt Cu. The 
ability is decreasing with lower temperatures. [1] 

 

Also the precipitation must generate a rich nucleation of particles distributed in a fine dispersion 

within the matrix. This is made possible in 3 steps, first one must create a supersaturated solid 

solution, see figure 5. Then quenching the material to preserve the supersaturated solid solution 

created, which leads to a high driving force for nucleation through diffusion. In order to obtain 

optimal strengthening the material is aged. Diffusion rates increases with increased temperature 

and therefore it is in most cases necessary to conduct a heat treatment called artificial aging at 

elevated temperature to obtain desired properties. Not all alloys require aging thru elevated 

temperatures. [1] [4] 
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The mechanism that increases strengthening is coherent clusters of solute atoms. The 

incompatibility in size between the solvent and solute atoms causes increased strain in the lattice. 

This phenomenon reduces the dislocations abilities to move through the lattice. [3] 

Guinier-Preston zones (GP) are distorted regions in the matrix lattice. GP zones are completely 

coherent with the matrix causing large strains. Formation of these zones and solute-rich 

microstructural areas contributes largely to the mechanical changes in material properties. 

GP zones starts with the formation of clusters, in this case Cu-clusters see figure 5. The Cu atoms 

are still located in the normal lattice sites within the Al crystal. After some time these Cu atoms 

will arrange themselves in an ordered arrangement, but they are still located in the normal lattice 

sites within the Al crystal. This is referred to the transition from GP-I zones to GP-II zones. In 

time precipitation of a new stage called θ” occurs. The particles continues to grow with continued 

heat treatment, strength is further increased and thru a transition state called θ´. The final 

equilibrium stage is called θ. The stages θ´ and θ” contributes to the strengthening and both θ” 

and θ´ can be present. With increasing time and temperature the amount and size of the final 

stage θ increases and the material softens. [1] [5] 

As mentioned above increased time and temperature increases the final stage θ     the m teri l 

softens. The major cause to the softening is that the particles sizes increases, the sizes is vital to 

the strengthening mechanism. Within the material plastic deformation occurs when dislocations 

glide along different crystallographic planes. Atomic and microstructural obstacles hinder the 

dislocation glide. Particle diameter contributes greatly on the resistance to the dislocation glide. 

Clustering the atoms into particles increases the effect, but at very large particle sizes the 

resistance decreases again. At large particle sizes the dislocations can bypass the particles without 

cutting through them, this is called the Orowan mechanism and the major factor is large particle 

spacing. [5] [6] 

It is important to explain that precipitation hardening is the strengthening mechanism in heat-

treatable alloys and that the precipitation hardening occurs from soluble particles. 

Insoluble particles are termed dispersiods and the strengthening mechanism is dispersion 

hardening, hence the production of strengthening particles is divided and the difference is 

whether the particles can dissolve or not at a temperature below the solidus. [2] 

 

2.2.1 Alloying elements 

 

Alloying element in aluminum is essential since pure aluminum has little practical use. There 

exists a wide range of different series with different alloying element. Also the process steps in 

order to achieve desired material properties differ. This work only focuses on the wrought 

aluminum 6xxx series, hence only the 6xxx series is mentioned. 



7 

 

The 6xxx series is categorized in the wrought heat-treatable alloys section. The fundamental 

alloying elements that enable precipitation hardening are silicon and magnesium. The content 

varies from 0.6-1.2 wt% magnesium and 0.4-1.3 wt% silicon. [3] 

 

The precipitation sequence in Al-Mg-Si alloys is still controversial and the notation of clusters 

and zones is not consistent in the literature (co-clusters is referred to initial-β´´ and GP-zones, 

furthermore GP-I zones are also referred as pre-β´´). The generally accepted precipitation 

sequence is as follows: 

Super-saturated solid solution (SSSS) →Si-clusters and Mg-clusters 

→ Dissolution of Mg-clusters →Mg, Si-co clusters 

→Guinier-Preston (GP-I zones, precipitates of unknown structure) 

→β´´ (GP-II zo e ) → β´     β´→β (Mg2Si)  

The first stage is individual solute clustering of Mg and Si and then dissolution of Mg-clusters, 

followed by the formation of co-clusters from SSSS. The β´´ (Mg5Si6) is related with peak aged 

states. Equilibrium phase β (Mg2Si) is consequently formed last. The intermetallic compounds of 

Mg and Si contributes to the strengthening. [7] [8]  

The amount of magnesium and silicon in the material has great importance regarding its 

sensitivity to quenching. Higher content of magnesium and silicone pushes the precipitation 

curves to shorter times (continuous cooling precipitation diagrams, CCP), hence higher 

quenching rates are needed in order to avoid precipitation. [9] 

Manganese or chromium is usually added to increase strength and to control grain size in 6xxx 

alloys. Copper is also added to increase strength but contents higher than 0.5wt% reduces the 

corrosion resistance. The 6xxx alloys are considered weldable, have good extrudability, good 

machinability and corrosion resistance. [1] [3] 

 

3 HEAT TREATMENT AND QUENCHING OF ALUMINUM 

3.1 HEAT TREATMENT 
 

This master thesis consists of experiments regarding quenching on aluminum alloys in the 

wrought 6xxx series. Therefore this chapter will only contain a review of so called heat-treatable 

alloys regarding precipitation hardening.  

Heat treating practices to increase the strength of aluminum alloys with precipitation hardening 

are as follows.  
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 Solution heat treatment 

 Quenching 

 Age hardening (artificial or natural aging) 

These process steps are presented in the chapters below. Solution heat treatment and age 

hardening is reviewed first and in general. Quenching is presented last and most thoroughly since 

it is of main concern. 

 

3.1.1 Solution heat treating 

 

This is the first process step in order to achieve precipitation hardening effects. It is necessary to 

produce a solid solution with hardening solutes such as silicon, magnesium, copper or zinc. 

The solubility tends to increase with increasing temperature. The suitable amount of solutes is 

limited for several reasons such as extensive grain growth, economy, and unnecessary risks at 

higher temperatures. To reach homogenous solid solution, soaking the alloy for sufficient time 

and temperature is necessary. [1] [4] 

There are some additional cases that can occur during this process step which need to be 

mentioned, these circumstances are listed below. 

 Overheating: There is a possibility of overheating if the initial eutectic temperature is 

exceeded. If this is the case local melting occurs in the grain boundaries, the material 

properties such as ductility, fracture toughness and tensile strength may be reduced.  

 Underheating: This is a phenomenon that occurs if the temperature is below the 

recommended. To low temperature often reduces the concentration of the final solid 

solution. Therefore the final strength is also reduced. 

 HTO: also known as high temperature oxidation is a condition that can occur if the 

atmosphere contains too much moisture in the furnace. Voids within the metal or surface 

blisters are the most common condition, created due to high moisture. This leads to 

degraded material properties. This is a diffusion mechanism where hydrogen diffuses into 

the metal. To prevent this, the most common way is to dry the material before it is being 

charged in the furnace. [1] [4] 

 

3.1.2 Age hardening 

 

Age hardening is the final process step in which the supersaturated solution containing the 

hardening elements creates small precipitates which increases the strength. These precipitations 

are created by diffusion, see section 2.1. There are two different types of age hardening, natural 

or artificial aging. Different alloys require different types of aging, natural or artificial. Also 

parameters such as time and temperature vary for different alloys. [3] [4] 
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The material properties attained such as hardness is controlled by different diffusion mechanisms. 

Lowering the temperature and time or vice versa impacts the final result in material properties 

significantly, diffusion rates increases with increased temperature and super-saturation. [7] 

Natural aging is referred to as age hardening at room temperature. Some alloys experience 

desired hardening effects at room temperature, fast formation of GP zones increases strength and 

preferred values in strength are attained within days.  

The artificial aging process is carried out at elevated temperatures. Reheating the quenched 

material accelerates the effect on mechanical properties due to precipitations. The temperature 

and time selected depends of alloy and preferred material properties. The goal is to produce ideal 

distribution pattern and size of the precipitate with respect to the material and its purpose. The 

downside of artificial aging is that, optimizing one property such as tensile strength leads to 

reduced corrosion resistance. Therefore, this process is a compromise to get the optimal material 

properties. 

For some alloys it is necessary to overage the material to achieve desired properties. This means 

that the material is being exposed to higher temperatures or longer times or both. The primary 

goal is not to achieve highest strength in this case. The particle size is increased and the material 

properties such as strength and hardness are reduced because of this, see figure 6 next page. 

There are several reasons for applying overaging such as lowering the residual stresses, increase 

corrosion resistance or obtain better combination of strength and formability. [3] [4] 
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Figure 6 Typical aging curve for aluminum alloys. Note that changing temperature also changes aging time, this is not illustrated 
in the picture. [3] 

 

3.2 QUENCHING 
 

Almost all wrought alloys in the 6xxx series gain their strength from precipitation hardening. 

This means that quenching and different techniques of quenching plays a very important role in 

the final outcome of the material properties.  

In most cases the quenching must be performed rapidly enough to obtain favorable conditions for 

precipitation hardening.  It is not always favorable to perform rapid cooling, depending on what 

kind of material properties that are desired. Some aluminum alloys requires slow quench rates to 

improve stress induced corrosion cracking. This is often the case for alloys in the 7000 series. 

Basically there are two requirements in order to avoid larger amounts of precipitation during 

quenching. The time between furnace and quench medium and the heat-absorption capacity, rate 

of flow and volume of the quench medium. [1] 

Loss of solute during quenching contributes to non-strengthening. Therefore it is easy to 

understand that gained strength after aging is related to the loss of solute during quenching. 
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Sites such as grain boundaries, particles formed during casting or subgrain boundaries serve as 

effective sites for nucleation of non-strengthening precipitates during quenching. These sites are 

defects within the crystal structure and contain stored energy. This energy can be consumed in 

order to nucleate. 

To investigate the loss of solute, properties such as hardness or electrical resistivity can be 

measured. Poor quench gives low hardness or low resistivity. From equation 2 the electrical 

resistivity can be measured, this is related to the composition. Wi is the wt% of each element in 

solution, Ki is a tabulated value for resistivity coefficient. 

 

ρ              (2) 

 

In order to test and evaluate the alloys quench sensitivity various techniques can be used. It 

should be stated that in order to investigate precipitation to grain boundaries one cannot use 

hardness test or resistivity measurements. To evaluate precipitation to grain boundaries methods 

that differentiate between matrix and boundary is necessary. [2] [10] 

Different cooling techniques can be applied to test either precipitation or ageing behavior of an 

alloy. Continuous cooling can be applied, where different cooling rates are used. [2] [9] 

Interrupted quench is a procedure where the sample is transferred from the furnace to a thermal 

bath for a specified timed and then finally quenched in water. This is repeated for a number of 

different holding times in the thermal bath. These tests give information about aging response and 

quench response. [2] [8] 

Delayed quench is simply referred to the sample being cooled in still air until a desired target 

temperature is reached, then quenched in cold water. This test is less complicated than interrupted 

quench. [2] 
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3.2.1 Mechanical properties after quenching 

 

The effect of cooling and different cooling rates on the properties is highly dependent on all 

previously mentioned process steps as well as the chemical composition. Thickness and geometry 

of the sample being investigated influence the final material properties, various differences in 

local cooling rates can occur. Also bright etched surfaces or freshly machined surfaces could lead 

to decreasing heat transfer, thus lowering the cooling rates. [1] [2]  

 he  ooli g r  ge  et ee                  C is critical for most high strength aluminum alloys. 

Figure 7 illustrates the cooling rate and its influence on yield stress. In the figure the T followed 

by a number or series of numbers represent different designated tempers, the hardened condition. 

T4, T5 and T6 are the most common conditions. In T4 condition e.g. the material have been 

solution heat treated and natural aged. [2] 

 

 

Figure 7 Effect on yield stress with different cooling rates after precipitation hardening treatment. [1] 

 

Toughness is a critical factor in design for various applications, and different quench rates affect 

this property as well. Precipitation of coarse phases on grain boundaries coupled with PFZ 

(precipitation free-zones) might result in a fracture mode change, thus leading to a decrease in 

fracture toughness. [2] [11] 

Also corrosion is affected, some alloys are vulnerable to intergranular corrosion when a critical 

amount of the solute is precipitated during quenching, with lesser amounts of precipitations a 

change in corrosion type occur which is less harmful. 

In general, highest strength and best combination of strength and toughness is gained with most 

rapid quench rates, resistance to corrosion and stress-corrosion cracking is also improved with 

higher quench rates. One should remember that this is a wide generalization and there exist 

exceptions. [1] 
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There are also other issues that need to be taken into consideration. It is not always about cooling 

rapidly to achieve the best material properties. Warpage and residual stresses leads to various 

problems such as costly straightening, hence lower cooling rates is applied and there is a 

compromise between desired material properties and problems that are associated with higher 

cooling rates. [1] [2] 

 

3.2.2 Residual stress, warpage and stress relief 

 

Residual stress and warpage causes problem, especially when narrow tolerances is wanted. Even 

though water immersion produces the most effective quench, applying lower cooling rates is 

sometimes more desirable to avoid these phenomenons. 

Increasing section size increases the level of stresses, this is because the inner interior parts are 

hotter thus contracting the cooled outer shell causing stresses. During machining redistributing 

residual stresses might cause warpage. One method to handle this kind of problem is simply to 

replace cold water with boiling water, the cooling difference between center and surface is 

reduced, hence the warpage is lowered. 

Thin sections also experience warpage, cooling parts with different section size and complexity 

often experience various cooling rates resulting in warpage. In order to reduce warpage in this 

case, working towards optimizing to achieve cooling symmetry is applied. 

Stress relieving processes involve mechanical stress relief, this is simply referred to stretching the 

rod, bar or plate. This is applied immediately after the quench and the plastic deformation 

induced is in the range between 1-3%. 

Reheating the material again, subsequent precipitation heat treatment yields reduction in stresses 

between 10-35%. To achieve better results the material must be exposed to higher temperatures, 

consequently lowering the strength but this is sometimes applied when lower mechanical 

properties can be accepted. [1] 
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3.2.3 Heat transfer during cooling 

 

When cooling parts, both immersion cooling and spray cooling is subject to complicated fluid-

dynamic and thermodynamic phenomena interacting with each other. This is because the alloy is 

usually at much higher temperatures than the boiling temperature of the liquid cooling the 

material, thus leading to boiling. In this state, phenomenon that occurs cannot fully be explained 

on a theoretical foundation. [2] 

This section will only review the different film boiling regimes and their effect on the heat 

transfer and parameters that changes the cooling rate. For further detailed information and 

equations see references [2] [12] [13]. 

 

Independent of the type of quenching distinct regimes can be defined driving the cooling. These 

regimes are illustrated in figure 8. When quenching begins the alloy is at higher temperatures 

than the boiling temperature of the liquid, usually water. In the first stage a thin vapor film forms 

over the hot surface, this film encases the sample and prevents direct contact with the liquid. This 

vapor film has an insulating effect which gives poor heat transfer, thus cooling in this regime is 

low. Heat flow emitted from the surface is transported through the vapor film by conduction and 

radiation. [12] 

This vapor film collapses when the temperature of the surface falls below the Leidenfrost 

temperature (minimum heat flux point). This is a very important stage because when the vapor 

film collapses, partial wetting occurs which leads to enhanced cooling rate, this is within the 

transition boiling regime. 

Eventually the entire surface will be wetted after reaching the point called critical heat flux 

(CHF) and the succeeding regime is called nucleate boiling regime. Due to full liquid contact and 

boiling, heat removal is high. Finally the boiling is reduced and eventually ends, cooling rate is 

decreased as the part reaches the final regime called single-phase cooling regime. [12] [13] 

The Leidenfrost temperature is so far not well defined theoretically. Leidenfrost temperature is 

dependent on surface condition, coating layers (oxide formation), roughness and the thermal 

conductivity of the surface on which the vapor film collapses. This temperature is also dependent 

on other factors such as pressure. Increasing pressure decreases the difference between 

Leidenfrost and saturation temperature, comparable to water. [2] 

Subcooling the liquid changes the Leidenfrost temperature, the Leidenfrost is reached at higher 

surface temperatures, this is because the condensation at the interface between the vapor film and 

liquid produces turbulence and consequently liquid reaches the hot surface. The term subcooling 

is referred to a liquid existing below its saturation temperature. [2] [13] 
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Figure 8 a) showing boiling curve and b) showing matching quench curve. [12] 
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3.2.4 Quenchants 

 

A wide range of different quenchants are available, which one to choose depends largely on the 

quenching power needed to obtain desired results. 

Figure 9 illustrates the influence of different quenchants on the cooling rates. The sample is a 

25.4 mm diameter steel bar. [1] 

 

 

Figure 9 Different cooling rates as a result of selected quenching medium. 25.4 mm diameter steel bar and all quenchants flowing 
at 0.50 m/s. [1] 

 

Water has been used as quenching medium for a long time, water have advantages and 

disadvantages when used. One of the most important characteristic properties of water is the 

extraordinarily high quenching power due to its heat transfer coefficient (3000-3500 W/(K×m
2
)) 

 t tem er t re      -   C. This is because its high specific heat of vaporization and high specific 

heat capacity.  

One disadvantage is the boiling temperature, which is low compared to other quenchants such as 

oil quenchants. The variation of cooling rate as a function of temperature does not relate with the 

kinetics of phase transformations. This is the most important disadvantage. 

The advantages are several, low cost, no damage to the natural environment, no hazards to health 

and more. For aluminum, water or air are used during the cooling sequence. [2] 



17 

 

3.3 SPRAY COOLING 
 

Immersion quenching techniques do not allow control of the cooling processes related to the part 

and the quenchant. No correction can be applied throughout the cooling sequence, heat flux 

density cannot be controlled. Parts with different thickness and geometry can suffer from severe 

residual stresses during this type of quenching method. 

Spray cooling on the other hand can be controlled and compensation during the cooling processes 

is possible. By changing variables such as distance from orifice to surface and pressure, the local 

cooling rate can be changed, therefore leading to less residual stresses and distortion in aluminum 

extrusions with complicated geometric form or different wall thickness. [12] 

There exist a huge amount of different nozzles and combination for various applications on the 

market. How effective the spray cooling get depend on the process and also several spray 

parameters. Two important difference between nozzles are air-water so called multiphase spray 

nozzles or single system such as water only, the biggest difference between multiphase and single 

is the droplet size produced from the nozzle, the later giving larger droplets. The second 

difference is the distribution on the surface, the spray pattern. Depending on what kind of nozzle 

being used the coverage on the surface will vary, wrong type of nozzles might cause a cooling 

rate which is too slow or not uniform due to the actual surface being covered by the impinging 

liquid. [14] [15] 

 

3.3.1 Spray parameters 

 

The most important parameters when trying to estimate cooling performance are volumetric flux 

Qn, Sauter mean diameter of the droplets (d32) and the mean droplet velocity Vm. 

The most important factor is the volumetric flux. This is the amount of liquid distributed on the 

surface per unit area per unit time and has the unit of velocity (m
3
/(s×m

2
)). The d32 or Sauter 

mean diameter is defined as the diameter of a droplet whose ratio of volume to surface area is 

equal to that of the complete spray sample. 

Volumetric flux has a great impact on cooling rate in several of the boiling regimes. The 

volumetric flux decrease along the spray axis away from the orifice and this must be taken into 

account when designing the spray cooling configuration. [12] 

Smaller droplets d32 has easier to evaporate at the surface increasing the heat transfer 

effectiveness. It should be mentioned that too low velocities and small droplets can lead to 

droplets never reaching the surface which is not desired. Droplets with higher velocities can 

penetrate the vapor film created when metallic surfaces are heated above the saturation 

temperature. This increases the surface wetting and consequently the cooling rate is improved. 

[14] 
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The most challenging aspect in spray cooling is the correct accounting of the distribution on the 

part subject to spray cooling. Different size and shape of the parts presents difficulties in 

determining the correct configuration with respect to previously mentioned problems such as 

precipitation on grain boundaries or distortion. [12] 

Figure 10 illustrates the configuration of nozzles with maximum surface exposure to the liquid 

without spray patterns overlapping each other to produce a uniform cooling rate. [12] 

 

 

Figure 10 Quenching metal alloy cylinder. Spray nozzle configuration. [12] 
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4 CONSTRUCTION OF COOLING EQUIPMENT 

 

4.1 DESIGN AND CAPACITY 
 

In the construction of the cooling equipment some necessary requirements were established. One 

requirement was the ability to change cooling rate and spray pattern, thus affecting the test 

sample. The equipment had to be small enough, because the room were the cooling equipment 

should be placed was limited. Despite the limited space the cooling equipment must have the 

ability to cool the sample sufficiently enough. The test sample length was set to 300mm. 

4.1.1 Capacity 

 

The first stage in the construction of the cooling equipment was to determine what kind of flow 

and pressure was needed to achieve sufficient cooling rate, and the appropriate quenchant. 

Tap water was selected as the quenchant, this was a fairly easy choice since tap water is available 

directly on site. Water also has enough quenching power to achieve the desired results of 

minimum precipitation of Mg2Si to grain boundaries during quench. Using tap water as the 

system quenchant was also considered to be easiest and at no cost. 

 

Determining what kind of water flow and pressure needed to achieve a sufficient cooling rate was 

more difficult to establish. This is because different cooling curves and graphs found in the 

literature cannot be applied directly, but they can be used as guidelines. This is because the 

material to be tested is new and with special alloy content. 

First was the choice of nozzles type, high pressure nozzles were never considered due to the fact 

that these nozzles produce a spray pattern called flat yet. The area covered by these types of 

nozzles is  e t  e  ri e     “thi  li e ”   ro   the m teri l. Al o higher   ter  re   re   l  e  

greater demands on the equipment used. 

The selected nozzle was of the type TF, see appendix A, figure A.1, A2. This nozzle type 

produces an evenly distributed spray pattern called full cone. This type of spray pattern produces 

a circular area across the material, thus covering more area than a flat yet nozzle. Covering the 

whole test sample with the nozzles spray pattern was required. The spray angle was chosen to be 

90˚. Higher spray angle produces a larger area covered with water when the distance between 

sample and nozzle increases. Spray angle 90˚ was selected because one of the abilities to lower 

the cooling rate with the cooling rig was to increase the distance between the nozzles and the test 

sample, thus lesser amounts of water would consequently hit the test sample lowering the cooling 

rate. The nozzle size selected were TF12, see appendix A, figure A.3. The nozzle size was 

selected after the estimated water flow was determined. 
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The water flow was determined by information from one production line and its cooling capacity, 

and with the help of provided calculation sheet regarding spray cooling of aluminum profiles, see 

appendix B, figures B.1, B2. 

 

From the specification provided regarding one production line and its cooling device, the 

calculated water flow per minute for a test sample length of 300mm was 120 l/min. This amount 

of water flow was considered as a bit low, since one of the cooling rig abilities was to decrease 

cooling rate by missing a portion of the water flow hitting the test sample by increasing the actual 

spray coverage area. Furthermore, some water flow would miss the test sample when configured 

to distribute an evenly produced water flow over the whole test sample because of the test sample 

geometry. In order to compensate this, more water flow was added. One other factor to increase 

the amount of water flow was simply because some uncertainty existed regarding the actual 

cooling rate required (special aluminum grade) and the actual water flow acquired when the 

construction of the cooling rig was completed. 

 

A cooling curve calculated from the sheet are shown in figure 11, also see appendix B figures 

B.3-8. Depending on a wide range of parameters the cooling effect changes. These calculations 

are rough estimations and were used as an aiding tool in order to estimate the water flow needed. 

In appendix B, figure B.3 the calculated values for different nozzle sizes and pressures for TF 

nozzles can be found. Note that the distance between test sample and nozzle were constant at 

100mm in order to produce a uniform flow density over the whole test sample because of the 

geometry. The water flow that actually misses the test sample because of the geometry is roughly 

estimated. 

 

Figure 11 Calculated cooling curve for nozzle type TF, size 12. Pressure 3bar and 23,7 l/min for each nozzle. This cooling curve 
was calculated under the assumption that 100% of the water flow hits the test sample surface. [16] 
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4.1.2 Design 

 

The design phase and all the drawings of the cooling equipment were made in SketchUp. 

Originally the design was based on a test sample of 500mm length, this was later scaled down to 

300mm in length, due to the amount of water flow per minute needed in the case regarding a test 

sample of 500mm in length, see section 5.2 for sample dimension. 

One of the main goals was to be able to change spray pattern on the test sample. In order to do so 

two rings with a radius of 300mm was created. Four nozzles per ring were then mounted, 

attached on an arm with the ability to change distance between the nozzles and test sample. Also 

with the ability to move the nozzles around the rings to change their position, thus also change 

the distribution pattern upon the test sample, see figure 12 and 13. The rings were created in 

aluminum, bent to circular shape with a radius of 300mm. Arms were created in stainless steel. 

For the nozzles located at the sides three different arm lengths were created due to the limited 

space in width and that it were not considered as a possibility to create holes in the sides of the 

plastic cover surrounding the rig. 

 

 

Figure 12 The design in order to achieve the ability to change position of the nozzles to produce different spray patterns. The 
arrows indicate the directions possible. [16] 
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Figure 13 Nozzles assembled and mounted on the adjustable arms and with the ability to adjust around the rings. [16] 
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Changing the spray pattern was not the only goal. Controlling water flow and pressure in the 

system were also desired. To accomplish this ability each nozzle were attached to a valve, thus 

giving the ability to turn on or off nozzles. Additionally one valve was connected to the system, 

granting the possibility to choke the water pump, thus controlling the flow and pressure. This 

required a water return hose connected in order to avoid suffocating the water pump. A pressure 

gauge was also connected to one of the hoses leading to one of the attached nozzles, thus 

controlling the pressure in the nozzles. The water flow were simply measured, see figures 14-16. 

 

Figure 14 Pressure gauge attached to hose in order measure and controlling the pressure. [16] 

 

Figure 15 Nozzle attached to a valve, thus giving the option to turn on or off the nozzles. [16] 
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Figure 16 Junction and valves with connected hoses, allowing the operator to adjust water flow and pressure to the nozzles 
without suffocating the water pump. The water return hose means that the water is transported back into the water tank. [16] 

Furthermore the design of the water tank with respect to several requirements; 

 The limited space in the elevator, doors and roof. 

 Easy to move. 

 Required amount of water. 

 Optimal suction required with respect to the water pump. 

 The desire of a closed system. Closed system is referred to the circulation of water from 

the tank into the water pump, thru the nozzles and down into the water tank again, with no 

exposure to water with regard to the surrounding equipment. 

 Easy to drain. 

This was made possible by the design of a ledge surrounding the water tank, on which a plastic 

cover were placed to enclose the cooling rig. The required dimensions with respect to the limited 

space, amount of water and optimal suction.  he “ ox”  re te   ere necessary in order to 

assemble water tank with the cooling table due to the ledge. 

Additionally, drain valve attached to the tank, welded wheels underneath. The entire tank were 

welded together with a steel alloy, thus the water tank was hand painted with anti-corrosion paint. 

Figures 17-19 illustrates the drawings and final shape of the water tank. 
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Figure 17 Water tank design with dimensions. [16] 

 

 

Figure 18 Design of “box” in order to assemble water tank with the cooling table. [16] 
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Figure 19 Water tank, final result with attached drain valve to the lower right and 2’’hose connection for optimal suction to the 

lower left. [16] 

The cooling table was designed under the conditions; correct working height, shield as little water 

as possible, thus affecting the spray pattern as little as possible with respect to the nozzles located 

underneath. Also include the possibility to use the cooling table for test samples of lesser overall 

size. The cooling table was created in aluminum profiles. Figures 20 and 21 illustrate the cooling 

table. 

 

Figure 20 Cooling table design with dimensions. [16] 
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Figure 21 Cooling table assembled together with rings and water tank. [16] 

The plastic hood is just a box with the dimensions 760x960x1200mm enclosing the rig, shown in 

figures 22 and 23. The material used to create the hood consisted of polycarbonate sheets.  

 

Figure 22 Plastic hood enclosing the rig with dimensions. [16] 
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Figure 23 Plastic hood with aluminum frame and door, final result. [16] 

Furthermore the water pump needed a foundation to stand on, also a gadget to distribute the water 

from the pump to the eight nozzles were required. 

The water pump was mounted onto a pallet and the gadget to distribute the water consisted of 

welded sections of a stainless steel tube with varying internal diameter. The gadget was 

constructed by a second part and also mounted onto the pallet, see figure 24. For more pictures 

regarding the cooling rig, see appendix D. Figure 24 also illustrates the actual water pump, which 

was borrowed from the department service and maintenance at Sapa Profiles. For water pump 

specification see appendix C, figures C.1-4. 

 

Figure 24 Water pump mounted on a pallet together with mounted gadget which distributes the water to the eight nozzles. [16] 
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In table 1 essential parts required to construct the cooling rig are listed. The connection size given 

is not to be confused with either outer or inner diameter of the parts. In plumbing the connection 

size is often given in inches. However conversion to metric system exists and the different sizes 

are given in diameter nominal (DN) number. DN 50 (mm) is equivalent to 2ˮ, DN 25 is 

equivalent to 1ˮ and DN 10 is equivalent to 3/8ˮ. But still these sizes are not to be considered as 

either outer or inner diameter of the parts. The system is designed so that it should be easy to 

understand the connection sizes needed in order to assemble different parts such as hose coupling 

attached to a hose or any other plumbing part for that matter. 

 

Table 1 Schematic overview of the most essential parts required. Special gadget is referred to the “tube” distributing the water to 
the eight nozzles. 

Part Amount Connection size 

(inch) 

Length (m) Dimension (mm) 

Water pump 1    

Nozzle 8 3/8ˮ   

Valve (1) 1 2ˮ   

Valve (2) 1 1ˮ   

Valve (3) 8 3/8ˮ   

Hose (1) 1 2ˮ 4  

Hose (2) 1 1ˮ 3  

Hose (3) 1 3/8ˮ 20  

Special gadget 1    

Hose 

connection (1) 

4 2ˮ   

Hose 

connection (2) 

1 1ˮ   

Hose 

connection (3) 

18 3/8ˮ   

Water tank 1   500x800x1000 

Plastic Hood 1   760x960x1200 

Pressure gauge 1    

Aluminum 
profile (1) 

  5  

Aluminum 

profile (2) 

  3  
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4.2 REPEATABILITY AND STABILITY 
 

Before any experiments could be carried out, the cooling equipment was tested. It is necessary to 

produce experiments which can be repeated, otherwise the equipment is useless. 

In order to produce repeatable experiments the recording of the temperature during cooling is 

crucial. The thermocouples and their positions relative to the test sample and also how they are 

connected to the test sample is very important. 

Furthermore it is necessary to investigate when the nozzles produce such uneven spray pattern 

that the system is no longer considered stable. 

4.2.1 Thermocouples 

 

Several different thermocouple setups were tried. One setup included drilling holes in the test 

sample in which the thermocouple where attached. This worked poorly because the 

thermocouples tended to immediately loosen, thus giving improper temperature readings when 

the sample was moved from the furnace to the cooling table. The thermocouple setup which 

worked best was the construction of three separate elements. The elements used consisted of 

decorticated thermocouple wire of type K. This thermocouple setup was also used during the 

experiment, see figures 25 and 26. 

 

Figure 25 Illustrates thermocouple setup, one thermocouple recording temperature of the side. [16] 
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Figure 26 Final thermocouple setup, three thermocouples recording temperature of the profile side, upper side and inner wall. 
This setup was used during the experiment. [16] 

 

With this later thermocouple setup illustrated in figure 26, repeatable series were made possible 

with the ability to register temperature on three sides. It was also determined that the system was 

considered unstable at nozzle pressures below 0.5bar. Then the nozzles produced such uneven 

spray patterns that lead to misguiding temperature readings. The only drawback with this 

thermocouple setup is the time it takes for the thermocouples to reach the actual temperature on 

the surface of the sample. This is also why the thermocouple wires are substantial thinner in 

figure 26 than in figure 25 above, thus lowering the time to reach the surface temperature of the 

sample. Consequently the cooling sequence is delayed for a couple of seconds until the 

temperature readings begins to decline. The graphs in figures 27 and 28 next page, illustrates 

trials performed with the thermocouple setup illustrated by figure 25 above. Exit temperature of 

the sample was      C. 
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Figure 27 Graph shows misguiding temperature readings due to uneven spray patter because of to low pressure. Test 1 and 2 the 
thermocouple have the same location relative to the sample. Test 3 the thermocouple has been relocated, 10mm to the edge of the 
sample. [16] 

 

Figure 28 Shows graph of repeatable test series. Test 1 and test 2 the thermocouple have the same location relative to the sample. 
Test 3 the thermocouple has been relocated, 10mm to the edge of sample. Enough pressure produces an evenly distributed spray 
pattern. The system is stable and experiments can be done with good repeatability. [16] 
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5 EXPERIMENTAL SETUP 

 

5.1 COOLING RIG SETUP 
 

The test matrix with different cooling rig setup to investigate its effect on the material properties 

such as tensile test and others are shown in table 2 below. The figure illustrates the different 

experimental parameters regarding the actual cooling rig and its setting, such as pressure and 

water flow. Also the distance between the nozzle orifice and the test sample is also listed, this is 

important for the actual water coverage and the amount of water actually hitting the surface of the 

sample, see figures 29 and 30. For the trials E and F two nozzles were used, one from above and 

one nozzle underneath the sample, thus no water sprays from the sides. Also note that the original 

test material, alloy L6 D3 ran out, to complete the matrix a similar profile with the same 

geometric properties and alloy content was used to complete the trials for E and F. 

 

Table 2 Different cooling rig setups used during the experiment. Note that there was not enough test material to complete the 
trials, thus alloy L6 D3 was replaced by L6 in order to complete E and F. [16] 

Alloy Nr; Nozzles Marking 
Flow 

(l/min) 
Pressure 

(bar) 

 
Distance from nozzle orifice to 

specimen. 
(above and underneath,, from the side) 

(mm) 

 
L6 
D3 8 ( two rings) A 125 1,8 209,,180 100,,100 40,,40 

  

B 91 1 209,,180 

  L6 

D3 4( one ring) C 62 1,8 209,,180 
  

  

D 46 1 209,,180 

  

L6* 
2 (1 up, 1 

down) E 31 1,8 209,,180 

  

  
F 23 1 209,,180 

   

The thermocouple setup during the experiment was the same as the configuration shown in figure 

26 above. The logger used during the experiment had the capability of one measuring point every 

second, thus one temperature registration each second.  
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Figure 29 Theoretical spray coverage with different distances between test sample and nozzles, upper side of the test sample. [16] 

 

Figure 30 Theoretical spray coverage with different distances between the test sample and nozzles, side of the test sample. Note 
that the scale is the same for figures 29 and 30. [16] 

  



35 

 

5.2 TEST SAMPLE 
 

To complete different cooling rig settings shown in table 2, the material was cut into 32 samples. 

Accordingly each test series consisted of four samples each. In figure 31 the geometry and 

dimensions for the samples are shown. 

 

Figure 31 Samples and its dimensions, length of 300mm, width 140mm, height 82mm, inner wall thickness 2,0mm and 
surrounding wall thickness of the sample profiles were 2,6mm. Note that the test sample to the right it not cut into designated 
length. [16] 

 

5.3 HEAT TREATMENT AND PROCEDURE 
 

The solution heat treatment was set to a total time of 50 minutes, 20 minutes for the samples to 

reach the designated temperature of 560 ˚C and 30 minutes holding time. The samples were 

stabilization aged at 120 ˚  for 2 hours and the final  ge tre tme t  ere     ˚  for  .  ho r . 

Temperature and time for both solution heat treatment and aging was set from discussion and 

previously experience with this alloy within Sapa Technology. [17] 

All the samples were collected from the oven with a nipper, the area on the test sample which 

came in contact with the nipper were marked with a X, this area were never used in further tests 

such as tensile or micro structural investigation.  

The time between end of cooling sequence until the sample were inserted into the stabilization 

oven were 1.10 minutes, thus this were applied for all the samples. Figure 32 next page illustrates 

the heat treatment procedure. 
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Figure 32 Heat treatment applied to the test samples. [16] 

 

The time elapsed between the opening of the oven and turning off the water pump were 1.10 

minutes up to 1.30 minutes, thus some of the series required a longer time inside the cooling rig. 

The water pump was turned on at approximately the 25-28 second mark. The timer was turned on 

just before the oven door was opened. 

Additionally a reference sample was made. This sample underwent the same heat treatment as 

above mentioned samples quenched in the cooling rig. But this reference sample was directly 

quenched into a tank filled with water, still the same time between the end of the cooling 

sequence to stabilization ageing were applied, 1.10 minutes as mentioned earlier. 

Not all of the series went smoothly, some unexpected and expected incidents occurred. For the 

samples A9(x3)-A12(x3) (x3 is referred to the third nozzle setup (40,,40 mm) in series A, see table 

2) a fuse broke which resulted in additionally 40 minutes of solution heat treatment, thus a total 

time of 90 minutes. 

Also the test samples A4(x1) and C3 experienced somewhat slower placement on the cooling 

table. The B4 sample placement on the cooling table was unsuccessful, thus the sample was re 

placed in the solution heat treatment oven for additionally 30 minutes before completion.  

During the placement upon the cooling table one thermocouple was bent, this occurred for the 

test sample F1 only.  
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5.4 MECHANICAL TESTING AND METALLOGRAPHIC ANALYSIS  
 

In order to evaluate the efficiency of the cooling rig such as precipitation to grain boundaries, 

mechanical testing and metallographic analysis were two methods used to evaluate the results. 

Mechanical testing included tensile testing where each test sample side was tested with two 

samples for each side (2x upper side and 2x side), for test standard see appendix E, and figure 

E.1. 

Furthermore a 3-point bending test was performed. Five samples were taken from each side of 

the test sample (5x upper side and 5x side). Five samples were taken because the results from 

bending test tend to vary. For test standard see appendix E, figure E.2. The 3-point bending test is 

illustrated in figure 33. 

 

 

Figure 33 Illustrates 3-point bending test, depending on the test standard used the parameters such as roll diameter, roll gap and 
so on varies. The knife is pressed down into the test sample and the bending angle α is measured when the test is finished. [17] 

 

Also five 3-point bending samples were taken from the side of the water quenched reference 

sample named wq and two tensile samples from the side. Only samples from the side were taken 

from the reference sample (wq). This was done because, from the experiment regarding the 

cooling rig only samples from the quenched sides were analyzed in light optical microscope 

(LOM) and scanning electron microscope (SEM) with energy-dispersive x-ray spectroscopy 

(EDS). Both the bending tests and tensile tests were performed in the extrusion direction, this 

were done for all the samples, see figure 34. 
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Figure 34 3-point bending test being performed in the direction of extrusion (pr). The punch is pressed down perpendicular to the 
direction of extrusion. [17] 

 

In order to test the crash performance three samples of each cooling series were crushed during a 

compression test, thus the samples were simply pressed. The samples were pressed in the 

longitudinal direction, not all series were tested. 

5.4.1 Scanning electron microscope (SEM) 

 

In addition to mechanical testing also metallographic analysis were performed, both LOM and 

SEM were used to analyze the test samples. SEM was used to analyze amount of precipitation to 

grain boundaries with respect to Mg2Si, and also to investigate the fracture surface, thus trying to 

determinate the fracture mechanism behind. The estimated coverage of precipitation on the grain 

boundaries was performed by comparing the numbers of Mg2Si particles per given unit length. 

The samples with most particles were set as the reference for 100% coverage on the grain 

boundaries. From these samples (100%) the rest of the test samples and their estimated coverage 

were determined. Cross sections were hot mounted, ground, polished and etched according to 

standard laboratory procedures followed by examination in SEM. The fabrication of the 

equipment used was FEI Company; model XL30 SFEG, equipped with both EDS and EBSP. [17] 

5.4.2 Light optical microscope (LOM) 

 

LOM was used to analyze if the solution heat treatment had any effect on material properties 

such as grain size during the solution heat treatment, thus comparing the experiment series 

samples against the unaffected original reference samples of L6 D3 named (ref). The fabrication 

of the equipment used was Nikon; model LV150 with magnification of 25-1000 times. [17] 

One LOM/SEM sample from each experiment series were taken from the side of the test samples. 

Also two LOM/SEM samples were taken from the sides of the unaffected original materials L6 

D3. 
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6 RESULTS 

 

6.1 COOLING RIG RESULTS 
 

In this chapter the cooling rig experimental result is presented regarding the temperature readings 

collected with the thermocouple setup mentioned in the chapter experimental setup section 5.1. 

Figure 35 below illustrates different cooling curves from selected series and associated nr, one 

curve from each configuration. 

 

Figure 35 Cooling curves from thermocouple K1, collected temperature data from the side of the samples. The curves represent 
selected series from the cooling rig experiment. [16] 
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Figure 36 presented below, illustrates the averaged cooling rate (˚C/s) for each complete series, 

i.e. for all samples from each series. Each bar represent the average cooling rate for each series in 

the interval 480-200˚C with respect to thermocouple K1 which register data from the side of the 

test sample. 

 

 

Figure 36 Average cooling rate from each complete series for thermocouple K1 (side), with standard deviation. The average 
cooling rates (˚C/s) are shown in the lower part of the bars. X axis is represented by the different test series. [16] 
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Figures 37 and 38 illustrates the same as mentioned above for figure 36, but with respect to 

thermocouple K3 and K2, temperature readings from the upper side (K3) and inner wall (K2). 

 

Figure 37 Average cooling rates for each complete series for thermocouple K3 (upper side), with standard deviation. The average 
cooling rates (˚C/s) are shown in the lower part of the bars. Each bar represents the different experiment setups. [16] 

 

Figure 38 Average cooling rates presented in lower part of each bar and series, with standard deviation. Inner wall temperature 
measured with thermocouple K2. The bars represent the different experiment setups. [16] 
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In figures 39-41, the average time it takes to pass the temperature interval 480-200˚C are shown. 

Each bar represent the complete series with the average time, the time are numerical shown in the 

lower part of each bar. Note that figure 39 represent thermocouple K1 (side), figure 40 K3 (upper 

side) and figure 41 applies to thermocouple K2 ( inner wall). For additional cooling curves see 

appendix F, figures F.1-9. 

 

 

Figure 39 Illustrates the average time (s) it takes to pass the temperature interval 480-200˚C, the figure applies to thermocouple 
K1 (side) with the different experiment setups. [16] 
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Figure 40 Average time it takes to pass the temperature interval 480-200˚C, applies to thermocouple K3 (upper side) with the 
different experiment setups. [16] 

 

Figure 41 Average time it takes to pass the temperature interval 480-200˚C with respect to thermocouple K2 (inner wall) with the 
different experiment setups. [16] 
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6.2 MECHANICAL TESTING RESULTS 
 

6.2.1 Tensile test 

 

The tensile test results from the cooling rig experiment are shown in the table 3. Also table 4 on 

the next page illustrates the result from tensile testing the water quenched (wq) reference sample. 

Furthermore in figure 42 next page A5-Ag is shown. 

Table 3 Tensile test results for the cooling rig experiment. PR stands for extrusion direction and sida stands for side, the samples 
referred to only F4 PR or D4 PR and so on are the samples taken from the upper side of the test samples. 

  Rp0,2 Rm A5 Ag A5-Ag A5-Ag 

Sample designation (MPa) (MPa) (%) (%) (%) Average (%) 

                      

A1X1, PR 324,0 346,0   11,5     9,3   2,2 2,525 

A1X1, PR 320,0 343,0   11,8     9,5   2,3   
A1X1, sida, PR 325,0 347,0   12,7     9,5   3,2   
A1X1, sida, PR 328,0 348,0   11,8     9,4   2,4   

A5X2, PR 322,0 347,0   14,1     10,2   3,9 3,63 
A5X2, PR 324,0 349,0   14,2     10,2   4   
A5X2, sida, PR 327,0 349,0   12,6     9,6   3   
A5X2, sida, PR 326,0 348,0 ( 9,1 ) ( 8,7 )     

A10X3, PR 321,0 347,0   12,9     10,0   2,9 2,775 
A10X3, PR 322,0 348,0   13,1     10,3   2,8   
A10X3, sida, PR 327,0 352,0   13,2     10,1   3,1   

A10X3, sida, PR 326,0 350,0   11,9     9,6   2,3   

B3, PR 318,0 344,0   12,5     10,2   2,3 2,47 
B3, PR 321,0 347,0   12,9     10,3   2,6   
B3, sida, PR 325,0 348,0 ( 10,8 ) ( 9,1 )     

B3, sida, PR 324,0 348,0   12,3     9,8   2,5   

C1, PR 320,0 344,0   10,2     8,9   1,3 1,25 
C1, PR 321,0 348,0 ( 10,1 ) ( 9,3 )     

C1, sida, PR 320,0 345,0   10,1     8,9   1,2   
C1, sida, PR 321,0 345,0 ( 8,5 ) ( 8,1 )     

D4, PR 315,0 339,0   8,3     7,8   0,5 0,80 
D4, PR 320,0 345,0 ( 9,7 ) ( 8,8 )     
D4, sida, PR 319,0 345,0 ( 8,4 ) ( 8,1 )     
D4, sida, PR 320,0 345,0   9,9     8,8   1,1   

E3, PR 314,0 341,0 ( 8,5 ) ( 7,9 )   1 
E3, PR 318,0 345,0   9,0     8,2   0,8   
E3, sida, PR 325,0 352,0 ( 9,5 ) ( 8,9 )     
E3, sida, PR 320,0 348,0   10,3     9,1   1,2   

F4, PR 317,0 346,0   9,4     8,5   0,9 0,67 
F4, PR 316,0 345,0   9,1     8,4   0,7   
F4, sida, PR 321,0 349,0   9,0     8,6   0,4   

F4, sida, PR 325,0 352,0 ( 9,2 ) ( 8,9 )     
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Table 4 Tensile test result for water quenched (wq) reference sample. 

 

Rp0,2 Rm A5 Ag A5-Ag A5-Ag 

Sample designation (MPa) (MPa) (%) (%) (%) Average (%) 

 
    

  Wq, PR 325,0 350,0 13,0 10,0 3,0 3,1 

Wq, PR 321,0 348,0 13,4 10,2 3,2 

  

 

Figure 42 Average % value for A5-Ag plotted for the test series. 
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6.2.2 3-point bending test 

 

This section presents the results from the 3-point bending test. Figures 43 and 44 below illustrate 

the results from the cooling rig experiment. 

 

 

Figure 43 Average bending angle ˚ with standard deviation for the 3-point bending test samples collected from the upper side of 
the cooling rig experiment test samples. Each bar represent the complete series of each experiment setup and the average bending 
angle ˚ value for each series is located at the lower part of each bar. [16] 
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Figure 44 Average bending angel ˚ with standard deviation from the 3-point bending test samples collected from the side of the 
cooling rig experiment test samples. Each bar represents the average value for each series. [16] 

 

Furthermore the 3-point bending result from the reference sample quenched are presented in table 

5 below. The average bending angle (°) were 81.2 ° with the standard deviation 4,9 °. 

 

Table 5 The result from the 3-point bending test, reference sample wq. 

Specimen designation FM M FB B h b lv S0 Bending angle 

  N mm N mm mm mm mm mm² ° 

Wq-1, sida 6075 9,2 6059 9,7 2,5 54,5 5 136,2 81 

Wq-1, sida 6019 9,1 6004 9,8 2,5 54,5 5 136,2 83 

Wq-1, sida 6100 9,6 6085 9,8 2,5 54,5 5 136,2 83 

Wq-1, sida 5878 8,3 5863 8,9 2,5 54,5 5 136,2 73 

Wq-1, sida 5963 9,5 5948 10,0 2,5 54,4 5 135,6 86 
 

See appendix E, figure E.2 for the test standard used. 
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6.2.3 Compression test 

 

This section presents the results from the compression test, thus simulation of crash performance. 

Figure 45 illustrates crushed sample of A12(x3). Figure 46 illustrates measured force and 

displacement. 

 

 

Figure 45 Compression test result, test sample A12(x3). [16] 

 

 

Figure 46 Crash performances for test sample A12(x3). Force (kN) versus displacement with respect to the punch. [16] 
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6.3 METALLOGRAPHIC ANALYSIS 
 

6.3.1 SEM/EDS results 

 

Selected results from the investigation regarding precipitation to the grain boundaries with 

respect to Mg2Si are shown in figures 47-49. Also figure 50 illustrates the connection between 

bending angle, cooling rate and precipitation to grain boundaries. Figures 51-52 illustrates 

fracture surface together with precipitation of Mg2Si to the grain boundaries. For additional 

figures regarding the SEM/EDS results see appendix G, figures G.1-9. 

 

Figure 47 Estimated grain boundary coverage with respect to Mg2Si, test sample A10(x3) from the experiment series. 

 

Figure 48 Estimated grain boundary coverage of test sample D4. 
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Figure 49 Investigation of reference sample (ref) with respect to grain boundary precipitation of Mg2Si. 

 

Figure 50 Perspective over the different results from the experiment. Blue curve represent the average cooling rate in % achieved 
from the cooling rig, right vertical axes, where A9-A12(x3) represent 100%. Orange curve represent the average bending angle 

results from the 3-point bending test, where (wq) represent the greatest result, left vertical axes. The horizontal axes show the 
results from SEM/EDS investigation regarding precipitation to grain boundaries with respect to Mg2Si in percentage. [16] 
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Figure 51 Fracture surface for selected test samples. 

 

Figure 52 Fracture surface for test sample D4. 
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6.3.2 LOM results 

 

In this chapter the result from the LOM analysis are presented, see figures 53-54 below. For 

additional LOM pictures see appendix H. 

 

Figure 53 Picture taken during analysis in LOM. Test sample A10(x3), larger grains can be seen in this sample due to additional 
solution heat treatment time. The black dots are an etching effect. 

 

Figure 54 LOM, test sample D4, grain size is revealed and compared to figure 53 above one can see that this sample have no 
such large grain as in figure 53 above. 
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7 DISCUSSION 

 

7.1 DESIGN ANALYSIS 
 

First I would like to comment some of the configurations made before the actual cooling rig 

experiment.  

The first intended water flow per minute was approximately 190l/min, but this was never the case 

since the water pump borrowed had only a motor effect of 2.5kW. From the water pump 

distributer one can see that with this engine around 2bar of pressure produces around 120-

150l/min see appendix C, figure C.1. With maximum water flow we were able to reach 125l/min 

with the constructed cooling rig at a pressure of 1.8bar. 

Also the thermocouple setup used during the experiment, (figure 26) was applied to achieve 

cooling curves for each test sample during the experiment and avoid issues were the 

thermocouples detached during the trials. This was not intended from the beginning. The original 

i e      to   e   “m  ter  ie e”  ith thermo o  le   tt  he  i to o e or t o te t   m le .  hi  

“m  ter  ie e”         o e  to  e   e     refere  e for the   t  l  ooli g ex erime t.  hi      

considered not possible since we would not acquire cooling curves for each test samples during 

the ex erime t. Al o the thermo o  le  tt  he  to the “m  ter  ie e”  et  he  freq e tly  hi h 

made it unpredictable. 

Thus the thermocouple setup used, (figure 26) was applied. This thermocouple configuration had 

one drawback. The issue with this setup was the time between opening the oven door and placing 

the test samples onto the cooling table and when the thermocouples achieved accurate 

temperature readings. The thermocouples started to read temperature values lower than the actual 

test samples temperature. After a few seconds the thermocouples peaked and the temperature 

started to decrease. This was also the case when the actual cooling cycle started, when the water 

pump was turned on. Thus some time were required to warm up the thermocouples. The 

temperature drop varied some but were within the temperature interval of 500-480˚C, with a test 

sample exit temperature of 560˚C. 

When considering the above mentioned thermocouple setup, there exists a temperature window 

between the test sample exit temperature and the temperature of the sample when the actual 

cooling cycle begins.  

It becomes clear that with this experimental setup, cooling rig and the thermocouple 

configuration, determination of the critical temperature were precipitation to grain boundaries 

begins with respect to Mg2Si might become difficult depending on the experiment results. It is 

already known that quenching the test samples immediately into a tank of water produces no 

precipitation of Mg2Si to the grain boundaries. 
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7.2 COOLING RIG RESULTS 
 

The cooling rig experiments were overall successfully performed. The results which can be seen 

in the figures 36-40 reveals a clear trend, the time to pass the cooling interval 480-200˚  

increases with decreasing pressure and water flow like it should. Also the cooling rate (CR) trend 

is similar, decreasing CR with decreasing water flow and pressure. Thus the requirement 

regarding construction of equipment with versatile abilities to change the CR with different 

configurations was successful. Figure 35 show some different cooling curves achieved during the 

experiment.  

For the experiment series A9(x3)-A12(x3) one major incident arised, some fuses failed which 

caused a delay. This delay caused a longer solution heat treatment with additional 40min, and this 

caused increased grain growth which can be seen in the LOM picture 53. Increased grain growth 

is seldom desired since this causes poor material properties in most cases. In this case, the results 

from the 3-point bending test shows that the test series A9(x3)-A12(x3) still achieved highest 

bending angles even though the grains were somewhat larger. Crash performances were poor for 

all the test series. 

The standard deviation which can be viewed in the figures 36 and 37. In the case for the fastest 

CR (A9(x3)) the standard deviation is very high. The logger used during the experiments were 

able to only register one measured point per second and for the fastest test (A9(x3)) only a few 

points were registered which lead to high standard deviations. This is not the case for the lower 

CR tests which can be seen in figures 36-37, here the standard deviation is within levels 

considered ok. The high standard deviation for (A9(x3)) is therefore not the result from an 

unstable system. 

Furthermore the test series B1-B4 is the only test series which is deviating (figures 36-40). All the 

tests (B1-B4) exhibit lower average CR for the thermocouples K1, and K3 and higher average 

time it takes to pass the temperature interval. This was unexpected and does not comply with 

SEM/EDS investigation regarding the precipitation of Mg2Si to the grain boundaries.  

Since the tests in this series exhibit the same tendency, it becomes impossible to disregard the 

results with the argument that one or two tests went wrong. Since the SEM/EDS results suggest 

otherwise the only possible explanation is that the thermocouples for some reason registered 

temperatures which do not comply with the rest of the tests performed. 

Furthermore all test series except (B1-B4) are supported with the SEM/EDS investigation, thus 

the thermocouples registered uncertain values in the series (B1-B4). Why the thermocouples 

registered uncertain values, and apparently only for this series is unknown.  

The collapse of the vapor blanket can be seen in series with decreasing CR see appendix F 

(figures 7 and 9, test D1). At first the CR is low but increases once the insulating vapor blanket 

 oll   e .  hi       e  ee     the “k ee” in the curves. The vapor blanket still exists and 

collapses in the trials with faster CR but the phenomenon is much harder to see directly from the 

graphs. 
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7.3 MECHANICAL TESTING RESULTS 
 

The tensile test results are quite the same for all the test samples. The tensile tests provide no 

obvious correlation, see tables 2 and 3. However if the data from A5-Ag is plotted, see figure 42, 

one can see that the result is a decent correlation to the 3-point bending test results, see figures 

43-44. 

From the 3-point bending tests it becomes obvious that lower precipitation to the grain 

boundaries increases the bending angle α attained from the 3-point bending test, see figures 43-44 

and table 5. This is because the Mg2Si particles precipitated in the grain boundaries works as 

effective crack initiation sites and crack propagation occurs relatively easy, thus lowering the 

materials ductility and crash performance. It is also most likely that precipitation free zones 

created affect the material and its ductility, however this was never investigated. 

However the bending angles obtained from the test series (A9(x3)-A12(x3)) with highest CR are 

quite low, much lower than expected. Similar experiments have been performed earlier within 

Sapa Technology with greater bending angle results. The other test series obtained higher 

amounts of precipitations to the grain boundaries, hence the bending angle obtained in these cases 

were expected to be low. What caused this is most likely the increased solution heat treatment the 

test samples received because of the delayed mentioned in section 5.3. 

The original solution heat treatment of 50 minutes was most likely too much. Why is simply 

because even the wq reference sample only reached an average bending angle of 81˚  hi h i  

considered low, see table 5. Greater bending angle results have been obtain earlier for water 

quenched samples within Sapa Technology for this specific alloy. The original solution heat 

treatment were set to 40 minutes, 10 minutes were added to increase the dissolution of alloying 

eleme t . Mo t likely the extr   ol tio  he t tre tme t time  i  ’t  i  olve the l rge   rti le    t 

instead these increased in size, thus decreasing the bending angle results. This is why the solution 

heat treatment cycle is likely the cause and consequently led to lower bending angles. The 

standard deviation from the 3-point bending tests were expected since this mechanical test tends 

to produce varying results, this were also why five samples were tested for each series. 

The compression test done to investigate the crash performance gave not as much information 

and difference between the samples. Basically all the test samples cracked immediately (see 

figure 45). This is also why no energy levels were calculated and why there is only one figure of 

a crushed sample (figure 45). The goal was that at least the fastest series would produce relevant 

crash performances, which did not occur. This is probably also because of the solution heat 

treatment mentioned earlier. 

 

 



56 

 

7.4 SEM/EDS RESULTS 
 

From the SEM/EDS investigation the results reveals that even in the test series A9(x3)-A12(x3) 

with highest CR precipitation occurred. The goal was to accomplish test samples with estimated 

coverage of approximately 0%, this was not achieved. However it is hard to evaluate whether the 

constructed cooling rig had enough capacity. This is because of the thermocouple setup applied 

during the experiment and the fact that no tests were made only to control whether the cooling rig 

had enough capacity or not. Test should have been made by simply placing a test sample as fast 

as possible upon the cooling table and then quenching the sample at maximum capacity to see if 

any precipitation occurred. This should be considered as further work and needs to be done 

before considering buying a water pump. 

From the figures 36 and 39 (side) there is quite some difference in average CR between the series 

A9(x3)-A12(x3) “ i e” and A5(x2)-A8(x2) “side”. Also the time in the considered critical 

temperature interval of 480˚-200˚C is approximately 30% longer for A5(x2)-A8(x2) “ i e”. From 

the SEM/EDS results there is only a grain boundary coverage increase between the two from 5-

10% to 10-15%. 

Furthermore the difference between A5(x2)-A8(x2) “ i e” and A1(x1)-A5(x1) “ i e” is not nearly as 

much. Approximately 13 ˚    i   iffere  e  ith re  e t to  ver ge CR, and the difference in 

increased time to pass the temperature interval is only increased with 13%. But here the 

precipitation increases with a substantial amount from 10-15% to 25%. 

In the case between A5(x2)-A8(x2) “ i e” and A1(x1)-A5(x1) “ i e” and the increase in 

precipitation, it is possible to argue that we most likely have passed into the major precipitation 

zone of Mg2Si for this specific material. 

Based on the results from the experiment it seems like the precipitation of Mg2Si starts at a 

temperature higher than 480˚C. This is because the relatively big difference between A9(x3)-

A12(x3) “ i e” and A5(x2)-A8(x2) “ i e” regarding average CR and average time in the interval. It 

is possible that in the first case precipitation began prior to the actual cooling sequence but 

further precipitations were suppressed. And the later series of A5(x2)-A8(x2) “ i e”, increased 

somewhat after the actual cooling sequence began indicating that the CR were not enough to 

suppress further precipitations of Mg2Si. But since there is a temperature window between the 

actual exit temperature of 560˚C and 480˚C it is impossible to determine, thus this is of course 

only speculations, further tests have to be done with a different way of measuring the temperature 

in order to get cooling curves. Test should be performed with different starting temperatures prior 

to the start of the cooling sequence, preferably at higher temperatures than 480˚C.  

Note that the same water flow and pressure have been used in these series but that the distance 

between the test samples and nozzles are changed, from the test samples geometry “ i e” the 

water that actually hits the surface with each distance is changed see figure 30. 
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Also the fracture surfaces were investigated. This was done in order to examine how much 

precipitation of Mg2Si was needed in order to change the fracture mechanism. Changing fracture 

mechanism is referred whether the fracture surface exhibits trans-crystalline or inter-crystalline 

fracture or both. The difference between them is that trans-crystalline is crack propagation 

through grains, with more ductile fracture surface. Inter-crystalline fracture mode is when crack 

propagation occurs in the grain boundaries, faster crack propagation than trans-crystalline, thus 

brittle fracture surface. 

From figure 52 in the result section for SEM/EDS, Test sample D4 with a 90% Mg2Si 

precipitation to the grain boundaries exhibits only brittle inter-crystalline fracture surface. The 

other test samples show mixed fracture surfaces of both inter and trans-crystalline fracture, thus 

the samples exhibits slower crack propagation and is more ductile. 

 

7.5 LOM RESULTS 
 

Some grain growth has occurred during the solution heat treatment for A10(x3) compared with the 

other test series, see appendix H. Main reason is the additional solution heat treatment time of 40 

minutes due to the fuse that broke. The other tests series exhibits no obvious grain growth. 
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8 CONCLUSION 

 

 Precipitation of Mg2Si at the grain boundaries occurred in all of the investigated test 

samples from the different series in the experiment. 

 

 Higher cooling rate increases the 3-point bending angle. 

 

 Higher cooling rate decreases the amount of precipitation of Mg2Si on the grain 

boundaries. 

 

 Average cooli g r te   et ee                     C/s were accomplished. 

 

 Extensive solution heat treatment increases grain growth. 

 

 The cooling rig constructed together with the thermocouple setup provided different 

cooling curves with clear trends and reliable repeatability. 

 

9  CONTINUED WORK 

 

 Test and evaluate whether the cooling rig constructed has the ability to suppress 

precipitation of Mg2Si completely at full capacity with the current water pump. 

 

 Develop a better way to measure the temperature by enabling temperature measurements 

from exit temperature until the end of the cooling sequence. Or change test sample 

geometry, easier to drill holes and attach thermocouples into the test sample. 

 

 Possible to create datasheets to use as guidelines with respect to precipitation of Mg2Si 

and required initial starting temperature prior to start of cooling sequence and CR. 
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APPENDIX 

 

A, NOZZLE TYPE, CHART FOR DIMENSIONS AND FLOW RATES 
 

 

Figure A.1 Data sheet for nozzle type TF. [18] 

 



 

 

Figure A.2 Data sheet for nozzle type TF, different flows and pressures for different nozzle sizes. [18] 

 

Figure A.3 Mounted TF 12 nozzle, material: brass. [16] 



 

B, COOLING DEVICE INFORMATION AND COMPUTED COOLING CURVES 
 

 

Figure B.1 Information provided regarding real cooling device used in production. Yellow marked text represents the specific 
information used during calculation and estimation of water flow needed. [17] 

 

 
 

 
 

 

 



 

 

Figure B.2 Information provided regarding real cooling device used in production. Yellow marked text represents the specific 
information used during calculation and estimation of water flow needed. [17] 

  



 

→ 

→ 

 

Figure B.3 Calculation sheet, Nozzle TF with different sizes and parameters. Spray angle (α) (half), 45˚, pressures from 1-3bar, 
same distance between test sample and nozzle for all, each row represent the calculation with respect to one nozzle. [16] 



 

 

Figure B.4 Data sheet, spray and profile parameters, data input for various cases in the green cells. The data sheet also contains 
cooling models and cooling sequence with various data such as different regimes such as boiling regime, film wetting regime and 
so on. [17] 

  



 

 

Figure B.5 Calculated cooling curve for nozzle TF, size 8, pressure 1bar. [16] 

 

Figure B.6 Nozzle TF, size 8, pressure 3bar. [16] 

  



 

 

Figure B.6 Nozzle TF, size 10, pressure 3bar. [16] 

 

Figure B.7 Nozzle TF, size 12, pressure 3bar. [16] 

  



 

 

Figure B.8 Nozzle TF, size 12, pressure 3bar. Assumed that all of the water flow hits the test sample surface,(40mm distance 
between nozzle and test sample). [16] 

  



 

C, WATER PUMP MOUNTING, SUCTION AND HYDRAULIC PERFORMANCE 
 

 

Figure C.1 Data sheet from water pump supplier, hydraulic performance. Yellow marked curve represent the hydraulic 
performance of the water pump borrowed. [19] 



 

 

Figure C.2 Suction and discharged connections. Yellow marked text represent borrowed pump model. [19] 

 

Figure C.3 The water pump connection [16] 



 

 

Figure C.4 Water pump mounted onto pallet together with special water distributing gadget. [16] 

  



 

D, COOLING RIG DESIGN 
 

 

Figure D.1 Complete drawing of the cooling rig with water tank and plastic hood. [16] 



 

 

Figure D.2 Assembled cooling rig without plastic hood. [16] 

 

Figure D.3 Cooling rig in action, low pressure and flow. [16] 



 

 E, RESULTS MECHANICAL PROPERTIES 
 

 

 

 

Figure E.1 Tensile test result, with test standard. 
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Figure E.2 3-point bending result with test standard. 

  



 

F, TEMPERATURE MEASUREMENTS 
 

 

Figure F.1 Temperature readings for thermocouple K1 (side), series A1-A3(X1). 

 

Figure F.2 Temperature readings for thermocouple K2 (innerwall), series A1-A3(X1). 
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Figure F.3 Temperature readings for thermocouple K3 (upper side), series A1-A3(X1). 

 

Figure F.4 Temperature readings for thermocouple K1 (side), series D1-D4.’ 
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Figure F.5 Temperature readings for thermocouple K2 (innerwall), series D1-D4. 

 

Figure F.6 Temperature readings for thermocouple K3 (upper side), series D1-D4. 
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Figure F.7 Different cooling rate between A9X3 and D1 with respect to thermocouple K1 (side). 

 

Figure F.8 Different cooling rate between A9X3 and D1 with respect to thermocouple K2 (innerwall). 
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Figure F.9 Different cooling rate between A9X3 and D1 with respect to thermocouple K3 (upper side). 
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G, RESULTS SEM 
 

 

Figure G.1 Mg2Si, estimated grain boundary coverage. Test sample A10(x3). 

 

Figure G.2 Mg2Si, estimated grain boundary coverage. Test sample A5(x2). 



 

 

 

Figure G.3 Mg2Si, estimated grain boundary coverage. Test sample A1(x1). 

 

Figure G.4 Mg2Si, estimated grain boundary coverage. Test sample B3. 



 

 

Figure G.5 Mg2Si, estimated grain boundary coverage. Test sample C1. 

 

Figure G.6 Mg2Si, estimated grain boundary coverage. Test sample D4. 

 



 

 

Figure G.7 Mg2Si, estimated grain boundary coverage. Test sample E3 

 

Figure G.8 Mg2Si, estimated grain boundary coverage. Test sample F4. 



 

 

Figure G.9 Mg2Si, estimated grain boundary coverage, unaffected reference material (ref). 

 



 

H, RESULTS LOM 

 

Figure H.1 LOM picture of test sample A10(x3). 

 

Figure H.2 LOM picture of test sample A5(x2). 



 

 

Figure H.3 LOM picture of test sample A1(x1). 

 

Figure H.4 LOM picture of test sample B3. 



 

 

Figure H.5 LOM picture of test sample C1. 

 

Figure H.6 LOM picture of test sample D4. 



 

 

Figure H.7 LOM picture of test sample E3. 

 

Figure H.8 LOM picture of test sample F4. 



 

 

Figure H.9 LOM picture reference sample (ref), unaffected original test material. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


