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Sammanfattning
Uppkomst av smälta filmer är ett välkänt 

problem för värmeväxlarmaterial av 

aluminium. Detta fenomen resulterar i 

försämrad lödbarhet samt försämrade 

mekaniska egenskaper vilket kan orsaka 

kollaps. Dessutom antas låg-smältande 

element som tenn, vismut och bly gynna 

korngränsglidning vilken är den 

dominerande deformationsmekanismen vid 

hårdlödning. Dessa elements 

smältegenskaper är otillräckligt rapporterat 

i litteraturen. Det är därför av stor 

betydelse att utvärdera dessa. 

 

De huvudsakliga uppgifterna med detta 

arbete är att bestämma smältintervall för 

värmeväxlarmaterial, detektera smältning 

av låg-smältande element samt beräkna 

löslighet av tenn, vismut och bly i 

aluminium. Detta arbete inkluderar också 

en fördelningsanalys av dessa element i 

aluminium efter värmebehandling i rörugn. 

 

Dessa undersökningar kräver framtagning 

av en DSC-teknik (Differential Scanning 

Calorimetry) som kan tillämpas för analys 

av värmeväxlarmaterial innehållande låg-

smältande element på ppm-nivå. 

Metodoptimering behandlar flera viktiga 

parametrar såsom uppvärmningshastighet, 

provmängd, reproducerbarhet och val av 

degelmaterial. Dessutom tillämpades LA-

ICP-MS (Laser Ablation Inductively 

Coupled Plasma Mass Spectroscopy) för 

att kunna analysera fast löslighet och 

fördelning av spårelement i aluminium 

efter värmebehandling. 

 

Den framtagna DSC-metoden visar en 

känslighetsbegränsning kring 260-600 

ppm. Det betyder att det inte är möjligt att 

detektera smältning av faser inom eller 

under detta interval. Fast löslighet av tenn 

beräknades i två material vid 400°C, 

500°C och 625°C. Det samma utfördes för 

vismut och bly. Beräknade värden 

överensstämmer inte med Thermo-Calc-

beräkningar. Fördelningsanalys indikerar 

på utsvettning av spårelement under 

värmebehandling d.v.s. diffusion mot yta. 

 

Sammanfattningsvis har mer kunskap 

angående smälta filmer i aluminum-

värmeväxlarmaterial inhämtats. Framtida 

forskning förväntas vara fortsatt 

optimering av DSC-teknik för att kunna 

analysera spårämnen med koncentrationer 

under 100 ppm. LA-ICP-MS kommer 

troligen användas till att förbättra 

experimentellt overifierade binära 

fasdiagram såsom Al-Bi-, Al-Pb samt Al-

Sn-fasdiagrammen. Tekniken kan vidare 

användas till att undersöka utsvettning av 

smälta filmer. 

 

Nyckelord: DSC, rankmaterial, kalibrering, lod-pläterat rankmaterial, värmeväxlare, 

aluminium, uppvärmingshastighet, fast löslighet, spårelement, korngränsglidning
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Abstract 
The formation of liquid films is a widely 

known problem in aluminium heat 

exchanger materials. The phenomenon 

results in decreased brazeability along with 

severely deteriorated mechanical properties 

which might cause assembly collapse. In 

addition, low-melting-point elements like 

tin, bismuth and lead are thought to 

promote grain boundary sliding which is 

the main deformation mechanism during 

brazing. Their melting characteristics are 

not adequately reported in literature. It is 

therefore of great importance to examine 

the behaviour of these elements. 

 

The main objectives with this work is 

melting range determination of fin heat 

exchanger materials, melting detection of 

low-melting-point elements and calculation 

of tin, bismuth and lead solid-solubility in 

aluminium. This work does also involve 

distribution analysis of such elements in 

aluminium matrix after heat treatment. 

 

These investigations require development 

of a differential scanning calorimetry 

(DSC) technique that is applicable for 

analysis of aluminium fin heat exchanger 

material containing low-melting-point 

elements on ppm level. Optimization of the 

technique includes parameter control; like 

heating rate, sample mass, reproducibility 

and choice of crucible material. Laser 

ablation inductively coupled plasma mass 

spectroscopy (LA-ICP-MS) is additionally 

used in order to analyse solid solubility and 

distribution of low-melting-point elements 

in aluminium after heat treatment. 

 

The developed DSC technique shows a 

sensitivity limit in the range of 260-600 

ppm. It means that it is not possible to 

detect melting of phases within and below 

that range. Solid solubility of tin was 

calculated for the three heat treatment 

temperatures, 400°C, 500°C and 625°C. 

Same procedure was applied on bismuth 

and lead. However, calculated values did 

not agree with Thermo-Calc. The 

distribution analysis indicate an exudation 

of trace elements i.e. diffusion toward 

surface during heat treatment. 

 

In conclusion, more knowledge regarding 

liquid films in aluminium fin heat 

exchanger material was obtained. Future 

work should be to further optimize the 

DSC technique for trace element analysis 

for concentrations below 100 ppm. The 

LA-ICP-MS technique is likely to improve 

experimentally unverified binary phase 

diagrams like Al-Bi, Al-Pb and Al-Sn 

phase diagrams. It can also be used to 

study exudation behaviour of liquid films.

 

Keywords: differential scanning calorimetry, calibration, braze clad fin material, heat 

exchanger, aluminium, heating rate, solid-solubility, trace elements, melting range 
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1. Introduction 
Differential scanning calorimetry is a technique that measures heat flow changes in a material 

as a function of temperature or time. The measurements are performed with simultaneous 

comparison to a reference. For best analysis, it is important with a well calibrated instrument, 

good skills in sample preparation and knowledge in data handling. 

 

Numerous microstructural phenomena occur as temperature changes. It results in either 

energy absorption or energy release which generates endothermic or exothermic output 

signals. Moreover, it gives quick and important information for material analysis. Typical 

kinds of information are melting point, melting interval and heat of fusion, thermal stability, 

atmospheric stability and glass transition temperature. Other important areas are analysis of 

solid-solid reactions, including precipitation, dissolution and recrystallisation. 

 

Differential scanning calorimetry has a history of being well suited for polymers even though 

it has become an excellent method to also characterize metals. Of special interest in this work 

is aluminium and aluminium alloys. The use of aluminium for engineering industry appears to 

increase continuously. It is due to the large spectrum of available properties, like low density, 

high thermal conductivity and its excellent corrosion properties. Aluminium enables a wide 

range of applications where transportation, construction and packaging are the main sectors. 

Examples of applications are automotive body panels, cylinder blocks, signal transfer and 

pharmaceutical packaging. 

 

One application is aluminium fins as heat exchanger material in automotives whose main 

objective is to retain the car at appropriate temperature. The fins are mostly composed of so 

called multiclads i.e. at least three layers of aluminium alloys. The central layer is the core 

and the outer layers are made of so called clad alloys. The manufacturing route for fin 

material includes different brazing processes. However, a problem that might arise during 

brazing is sagging which means deterioration of fin strength properties. The main deformation 

mechanism causing sagging is grain boundary sliding. It is known that low melting point 

elements may be present at grain boundaries. On the other hand less is known regarding their 

melting characteristics i.e. melting point, coalescence with other trace elements and diffusion 

toward surface during melting. It is therefore of great importance to analyse such fin material 

in order to ensure its properties as a fin heat exchanger material. 

2. Aim 
The aim of the present work is to optimise Swerea KIMAB’s DSC equipment with regards of 

aluminium alloys. The purpose is to analyse melting and phase transformation on alloys from 

Sapa representing fin heat exchanger materials. The aim is also to determine the sensitivity of 

the apparatus for trace element analysis in the same material. 
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3. Literature Review 

3.1 Aluminium Basics 

The interest for aluminium has increased a lot over the years. Aluminium production passed 

copper, zinc and lead somewhere between 1960 and 1970. It is currently the second most 

frequently used metal, after iron. The main reason is the fact that it permits a number of useful 

properties. To mention a few it has: 

 low density 

 high specific strength 

 high thermal conductivity 

 high plasticity 

 excellent ductility properties 

 excellent corrosion properties 

 the ability to form an protective oxide if in contact with oxygen 

On the contrary, aluminium has high affinity to oxygen which often causes problems. It is still 

today problematic to cast aluminium due to oxidic inclusions. 

 

There is approximately 7.5 wt-% of metallic aluminium in the earth crust although none 

worth mining in Sweden. A world production report from reference 1 states that North 

America and East/Central Europe is the largest annual aluminium producer 
[1]

. Figure 3.1 

shows the world production of primary aluminium from 1990 to 2010. 

 

 
Figure 3.1: Annual world production of aluminium. North America is the largest producer whilst Africa is the 

smallest. 
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Aluminium occurs in the earth crust, not as pure metal but as minerals and ores, mainly as 

bauxite. Bauxite exists in three main forms, namely Gibbsite (Al(OH)3), Böhmite (γ-

AlO(OH)) and Diaspore (α-AlO(OH)). Gibbsite has the lowest alumina content of the three 

forms and also the lowest density. It is still the far most used mineral on the market since it is 

cheaper and has a lower temperature for rapid dehydration which gives decreased energy 

costs at processing. 

3.1.1. Aluminium Extraction  

There are conventionally two process steps to manufacture aluminium. The first step is 

producing alumina (Al2O3) from bauxite. The second step is to transform alumina to pure 

aluminium metal. Step 1 is performed according to the Bayer process and step 2 according to 

the Hall-Héroult process. A schematic overview is shown in Figure 3.2. The extraction of 

alumina from bauxite is chemically described by Reaction 1 and 2 
[2]

: 

 
+ -

3 4Al(OH) (s) + NaOH(aq) Na Al(OH) (aq)    (1) 

 

, and,  

 
+ -

2 4AlO(OH)(s) + NaOH(aq) + H O Na Al(OH) (aq)   (2) 

 

The ore contains alumina along with other compounds. These compounds are mainly iron 

ores, aluminium silicates and titanium oxides. Alumina extraction occurs efficiently through 

mixing ore and sodium hydroxide solution diluted with 25 % of water. The reaction occurs at 

a temperature between 110°C-270˚C with a pressure of 5 bar 
[3]

. This happens in the 

autoclave. The other compounds are insoluble in bauxite and are removed through filters, 

resulting in so called red mud. The name comes from the colour of the iron oxide hematite 

(Fe2O3). The solution is then diluted with water and cooled to near 65˚C. At this temperature 

precipitation of aluminium hydroxide occurs according to Reaction 3 
[2]

: 

 

4 3 Na Al(OH) (aq)  Al(OH) (s) + NaOH(aq)    (3) 

 

The aluminium hydroxide from the solution is separated and dried in a furnace at a 

temperature between 1100˚C and 1300˚C 
[4]

. It results in alumina and water vapour in 

compliance with Reaction 4 
[2]

: 

 

3 2 3 22Al(OH) (s) Al O (s) + 3H O(g)     (4) 

 

This is the calcination step. The final purity is 99.9 % alumina. 

 

The final operation is electrolysis of the alumina melt. One problem is the melting point of 

alumina which is near 2050˚C. It makes it impossible to in reality perform this operation 

directly at the substance. Instead alumina is dissolved into aluminium fluoride (AlF3) and 

cryolite (Na3AlF6). The solution gets a melting temperature of 962.5˚C 
[4]

.  
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At the electrolysis, alumina transforms to aluminium and oxygen. To perform this operation, 

energy is subjected via graphite anodes at which carbon and oxygen reacts, forming carbon 

oxides. This is how the Hall-Héroult process consumes graphite anodes. Aluminium ions 

move in opposite direction, towards the cathode which is located at the bottom. In the end 

there are aluminium melt together with sodium melt. Aluminium melt has higher density and 

sinks down to the bottom. The liquid sodium can then be separated from the liquid aluminium 

which gives the final product of 99.5% pure aluminium. The process consumes a lot of 

energy; sustainability therefore requires continuous decrease in energy consumption as well 

as decreased carbon oxide emissions. Even if attempts have been made to replace the Hall-

Héroult process none has succeeded. Reasons for non-acceptance have been economical, 

technical or environmental failure. 

 

 

 

Figure 3.2: Extraction route of aluminium from the initial bauxite step to the final Hall-Héroult process to obtain 

high purity aluminium 
[5]

. 

3.1.2. Recycling 

A lot of aluminium is recycled; the reason is its relatively simple recycling process and that it 

saves a lot of energy. Recycled aluminium for production of new aluminium requires only 5% 

of primary aluminium production. Approximately 50% of a total year fraction of aluminium 

comes from re-melted metal. The aluminium scrap is gathered at scrap yards from where it is 

taken, again into production. Common scrap products are different automotive parts and 

aluminium cans. A big market for re-melted aluminium is the casting industry. Although it is 
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gaining market share for aluminium profiles and sheets. It can also be used in steel production 

to decrease oxygen content in the melt. 

3.1.3. Manufacturing Aluminium Products 

Casting as a process has developed the last decades and it is possible to meet the increasingly 

tougher demands from the industry. Development includes improving current techniques but 

at the same time inventing new techniques.  

 

There is a wide range of techniques for manufacturing aluminium products. It is occasionally 

troublesome to select the most suitable process since there are several aspects to consider e.g. 

size of product, number of articles and demands on final mechanical properties. However, 

aluminium can either be component casted or casted into semis. Semis refer to a 

semifabricated product which will be further plastically deformed in order to obtain its final 

shape. 

3.1.3.1. Manufacturing Semis 

The ingoing material for plastic deformation is traditionally manufactured by either direct-

chill (DC) casting or strip casting. 

 

DC Casting 

Direct-chill casting is a casting technique where solidification initiates as melt comes in 

contact with the water-cooled molds. The melt is transferred to the molds from feeder through 

the nozzle and the float valve. The purpose of the float-valve is to control the melt flow by 

adjusting the outlet opening. Solidification proceeds as water-cooling sprays continue to cool 

the still liquid core. A stool-cap and a stool are both located at the bottom of the ingot. They 

descend as the ingot solidifies and makes is it possible to secure even melt flow throughout 

the casting process. Figure 3.3 shows how a DC caster operates. Direct-chill casting is more 

or less the only technique to manufacture rolling and extrusion ingots. 

 

Direct-chill casting can occur both horizontally and vertically but it is in Europe most 

common to cast vertically. Two clear advantages with vertical DC casting are the possible to 

cast many alloys and that it enables a larger range of castable cross-sections. 

 

Strip Casting 

Strip casting combines casting with cold rolling. Figure 3.4 shows that solidification starts as 

melt comes in contact with water-cooled rolls. The melt solidifies as cold rolling occurs and 

the period between liquid state and solid state is called mushy zone. It is clear that the spacing 

between the rolls determine the thickness of the strip.  

 

Strip casting is an efficient way of producing semifabricated products like coiled strips and 

foils. It has developed significantly during the last six decades and it has now become an 

established alternative to conventional DC casting. The main advantage with strip casting is 

that it does not require hot rolling i.e. it is a low-cost alternative to DC casting. Drawbacks are 

difficulties with producing hard (heat-treatable) alloys and products with high quality. A DC 

caster is then superior compared to strip casters.  
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Figure 3.3: DC Caster 
[3]

. 1: Feed through; 2: Nozzle; 3: Float-valve; 4: Distributor; 5: Mold; 6: Solidifying 

ingot; 7: Sump; 8: Water-cooling sprays; 9: Stool-cap; 10: Stool. 

 

 

 

Figure 3.4: Aluminium strip caster 
[3]

. 1: Caster rolldrum; 2: Cooling water; 3: Arc of contact from the nozzle to 

the nip; 4: Melt; 5: Heat flow; 6: Solidified strip; 7: Changes in heat transfer; 8; Liquid; 9: Mushy; 10: Solidified. 

3.1.3.2. Component Casting 

There are numerous methods for component casting but they are divided into two groups: 

 Casting In Permanent Mold  Casting In Non Permanent Mold 

o Low Pressure Die Casting o Sand Casting 

o Pressure Die Casting o Investment Casting 

o Squeeze Casting o Lost Foam Casting 
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Pressure (Low) Die Casting 

Pressure die casting is a method where a molten aluminium alloy is forced into a mold under 

high or low pressure. The complexity of the mold determines its price but this method is 

relatively expensive why it is suitable for larger series. The life time of a typical pressure die 

casting mold is 200 000 castings.  

 

Squeeze Casting 

The technique combines the theories behind pressure die casting and ingot casting. It gives 

high productivity and good mechanical properties while at the same time enabling the use of 

heat treatable alloys. Squeeze casting refers to forcing molten aluminium into a mold with an 

aluminium charged piston. The pressure is much lower in this case than for pressure die 

casting why it is called squeezing. 

 

Sand Casting 

Sand casting is the most frequently used technique to cast aluminium components. The 

technique involves mold preparation, core preparation, casting and final removal of sand 

mold. The first step is to produce a sand mold by putting a pattern in sand with clay and 

binders. It is possible to cast different shapes due to mold preparation. Core preparation 

comes after mold preparation. How the core looks like determines the inner geometry. The 

core is also made of sand based material. When mold and core preparation is finished, it is 

time for casting. It occurs in so called flasks in which sprue and gating system are integrated 

with the mold. The purpose of the sprue and gating system is to lead the melt into the mold at 

a proper rate. The sand form is then shattered after the melt has solidified. The final product is 

a cast product, typically a component in the automotive industry. 

 

Investment Casting 

Investment casting is a high precision casting method. It is a synonym to lost wax casting. 

The name comes from the wax patterns which are made in metallic tools. The pattern is 

prepared by dipping in a suspension with binders. The next step is depositing a ceramic 

substrate on the pattern through dipping in slurry. The ceramic mold hardens as it is exposed 

to heat which simultaneously causes the wax pattern to melt and flow out of the mold. Casting 

occurs while the ceramic mold is still warm. The ceramic mold is shattered after solidification 

similarly to sand casting.  

 

Lost Foam Casting 

The lost foam process applies sand forms which are traditionally made of binders. The pattern 

is, however, based on a polymeric material which decomposes into vapour as metal enters the 

mold. The name “Lost Foam” refers to the decomposition of the polymeric substrate. 

3.1.4. Semifabricated Products 

3.1.4.1. Flat Products 

Manufacturing aluminium sheet and coil are conventionally done by hot rolling followed by 

cold rolling. Hot rolling occurs at a temperature between 450°C-550°C i.e. above 

recrystallisation temperature. Recrystallisation refers to a dynamic process where undeformed 

grains replace deformed grains due to nucleation and growth. Typical effects of 

recrystallisation is decreased strength and hardness but also increased ductility. 
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Recrystallisation temperature refers to the temperature where recrystallisation starts. 

However, the thickness reduction is caused by multiplied passing between the rolls, where the 

spacing between the rolls is decreased to requested thickness. Rolling affects microstructure 

and thereby material properties. It gives, except further reduction in thickness, improved 

mechanical properties as durability and surface properties. Cold rolling occurs below the 

recrystallisation temperature and gives deformation hardening when plastically deforming the 

material. Deformation hardening gives a hard material due to increased amount of 

dislocations but also decreased ductility. That is why it might be necessary to anneal before 

further treatment. Depending on in which state the final product shall be delivered in it is soft 

annealed, tempered or annealed. Three common aluminium products are sheet, plate and foil. 

The main difference between these is the thickness. Plate is the thickest material followed by 

sheet whilst the thinnest dimension is valid for foil. There are, however, thickness dimensions 

overlapping between these products.  

 

Coils are continuously manufactured, where the ingoing material is a melt instead of rolled 

castings. The melt solidifies when it pass rolls with simultaneous cooling. Casting technology 

has made a lot of progress during recent years. It is now possible to cast profiles to a length of 

50 metres at a rate of 50 metres per minute. Aluminium coil manufacturers are pushing for 

production of thinner coils and faster casting rate. The coil is after casting cold rolled to its 

final thickness. 

 

Foil is defined as a very thin sheet. Thicknesses of 6 µm are common. Foils are rolled in 

specially designed cold rolls. Otherwise the rolling principle is similar to sheet except the 

final step where two foils are rolled on each other. The purpose is to give a matt and a blank 

side of the foil for improved aesthetic appearance. The foil can be refined in several ways but 

it is commonly varnished. Moreover, it gives enhanced corrosion properties and eases in 

terms of publishing. 

3.1.4.2. Rod and Bar 

The ingoing material for aluminium extrusion is casted extrusion logs with lengths up to 7 

metres. It is possible to vary the diameter and alloy for specific application. The logs are then 

cut into billets (0.5 m – 1 m) and subsequently fed into the billet heater where heat treatment 

occurs until it reaches 400°C-500°C. The principle for extruding aluminium is simple, force 

the heated billet through a die with hydraulic pressure.  

 

There are two ways of performing the extrusion process, i.e. direct or indirect, see Figure 3.5. 

Direct extrusion is the conventional operation where the die is stationary and the pressure acts 

on the billet. It is different compared to indirect extrusion where the die is attached to the ram 

which in turn applies pressure on the billet. Indirect extrusion refers to opposite direction of 

applied pressure and extruded material. 
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a) 

 

 

 

 

 

 

b) 

 

 

Figure 3.5: Two common approaches to extrude aluminium. a) Direct extrusion. b) Indirect extrusion 
[6]

. 

 

Rods have a round shape whilst a bar can have several flat sides. Rods are often extruded into 

hollow cylinders, like tubes. How the profile of the extruded material looks like depends on 

the shape of the applied die. It is possible to apply simple dies but also complex ones why 

extrusion is a perfect method to obtain a specific shape. Extrusion of larger profiles does 

usually apply a single-hole die whilst extrusion of smaller profiles usually applies multiple-

hole dies. Profiles that have hollow dimensions like cylinders need more advanced tooling. 

The specimen for producing hollow profiles consists of a tool which determines the surface 

properties and a core which determines the internal cavity. The core is maintained at its 

location with assistance from so called bridges. When the metal enters the die it separates and 

flows around the bridges at the side. Before the metal is forced through the opening it is cold 

welded together again. This type of manufacturing is used for application with low or medium 

high demands on mechanical properties. 

3.1.4.3. Wire 

Aluminium wire can be produced in several ways. Wire made of pure aluminium is usually 

manufactured by continuous casting followed by rolling and wire drawing. Alloyed 

aluminium is usually hot rolled before drawing. Typical application is cable for electric power 

system. 

3.1.5. Applications 

Aluminium is used in a tremendous amount of various applications. The main markets are 

transportation, packaging and construction where more than a third is represented by the 

transportation section. Vehicles include automotives, trains, aircrafts, ships etc. Important 

property for this section is specific strength which is usually denominated as strength-to-

weight ratio. Important factors are decreased energy consumption and decreased emissions of 

greenhouse gases. Packaging represents a sector of products like food, drink and 

pharmaceutical containers. In this case, important properties are lightweight, resistance to 

light, water and oxygen compounds (to avoid reactions), physiologically safe and well 

aesthetic ability. The third major industry is the construction industry. Main products that are 

made of aluminium are door frames, roofs and windows. Most significant properties are 

specific strength, low weight, corrosion resistance and durability. Table 3.1 shows typical 

application areas for semifabricated products. 
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Products Application  

Sheet 

 

 Aircraft Construction 

 Tanks/Vessels 

 Household 

 

 Construction 

 Automotive  body 

panels 

 Car chassis 

 

Coil 

 

 Solar energy panel 

 Insulation panel 

 Decoration 

 

 Car radiator 

 Aircraft construction 

 Kitchen ware 

 

Foil 

 

 Pharmaceutical packaging 

 Food packaging 

 Cosmetic packaging 

 

 Fibre optics 

 Electrical cables 

 Fire walls 

 

Rod 

 

 Electrical systems 

 Transmissions lines 

 Machinery 

 

 Equipment 

 

 

 

Bar  Electrical systems  Car components 

  Rail transport  Tools 

  Profiles  Cylinder blocks 

   

Wire  Electrical systems  Signal transfer 

  Underground power 

transfer 

 

 

Table 3.1: Key applications for semifabricated products. Notice the extremely wide range of applications, new 

products occur every year. 

3.2 Aluminium Alloys 

3.2.1. Alloying Elements 

There is a large range of alloying elements to choose from in order to modify aluminium and 

its properties. The most common alloying elements as well as impurities are copper (Cu), 

silicon (Si), magnesium (Mg), zinc (Zn) and manganese (Mn). Other elements that are 

frequently used but in much smaller amounts are iron (Fe), chromium (Cr), titanium (Ti), 

nickel (Ni), cobalt (Co), silver (Ag), lithium (Li), vanadium (V), zirconium (Zr), tin (Sn), lead 

(Pb) and bismuth (Bi). There are also so called trace elements which means even lower 

alloying amount. The most important trace elements are beryllium (Be), boron (B), sodium 

(Na), strontium (Sr) and antimony (Sb) 
[4]

. 

3.2.2. General Effect of Alloying Elements on the Structure and Properties 

Iron remains in aluminium from the extraction. It tends to form Al-Fe and Al-Fe-Si phases 

which results in decreased strength and ductility. This is the reason for a maximum level of 1 

wt-% iron in alloys. High strength applications have higher demands; typical maximum iron 

concentration is then 0.2 wt-%. 
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Copper is used because it optimizes the precipitation effect. It has high solubility in 

aluminium (5.7 wt-%) which results in a large hardening contribution and therefore high 

strength and toughness. The solubility is however reduced by silicon. Drawbacks with copper 

are poor flowability and corrosion resistance. 

 

Titanium refines grain structure of aluminium; common content is 0.1-0.2 wt-%. On the other 

hand it is possible to add Al3Ti, TiB2 or TiC for the same effect. 

 

Silicon is one of the most important alloying elements due to its high castability and strength. 

The favourable properties are given by the uniformly distributed eutectic microstructure (12.6 

wt-%). Maximum solubility of silicon in aluminium is 1.65 wt-%.  

 

Magnesium is selected for high solubility properties since it enables 17.4 wt-% of magnesium 

in solid solution. It gives a solution strengthening effect. Further, it reduces the solubility of 

zinc (forming MgZn2) but increase the solubility of hydrogen why a greater risk for gas pores 

is expected. Another drawback is its susceptibility to intergranular corrosion due to 

microstructure. 

 

Zinc has high solubility in aluminium (31.6 wt-%) why it can be used as an alloying element 

in heat-treatable alloys. The purpose is increased strength in the material. Its castability is 

moderate. 

 

Manganese is added to inhibit recrystallisation and grain growth due to formation of Al-Mn-

Si precipitates. Its maximum solubility in aluminium is 1.82 wt-% and some strengthening is 

possible. Manganese reduces the effect of the iron content. 

 

Binary phase diagrams for mentioned elements are present in appendix.  

3.2.2.1. Microstructure 

No alloy is the other alike and it is in many cases troublesome to determine which phases that 

is present in the microstructure. Figures 3.6-3.13 are given in the excellent work by Scott 

MacKenzie and George Totten 
[7]

. The figures are a compilation of a few important examples. 

The purpose is to bring a greater understanding of how aluminium microstructure can look 

like and exemplify typical precipitates. 
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Figure 3.6: Extremely pure aluminium. The black 

spots represent FeAl3. Micron bar length is 50 µm. 

Figure 3.7: As-cast structure of AA1100 alloy. 

Picture shows FeAl3 as script-type precipitates. 

Micron bar length is 20 µm. 

  
Figure 3.8: Wrought AA2011 alloy. The picture 

shows: undissolved gray Al2Cu (θ phase), small FeAl3 

particles and Al2Cu which has precipitated during heat 

treatment. Micron bar length is 10 µm. 

Figure 3.9: Cold worked AA3003 alloy. 

Microstructure consists of large and dark insoluble 

Al6(Fe,Mn) and both large and small gray Al-Mn-Si 

precipitates. Micron bar length is 20 µm. 

  
Figure 3.10: Wrought AA4147 alloy. Microstructure 

shows large insoluble particles of Al12SiFe3and small 

amounts of black Mg2Si. Micron bar length is 50 µm. 

Figure 3.11: As-cast AA6061 alloy. Sample is taken 

at the ingot surface.  Microstructure shows gray 

Al12SiFe3 at the interdendritic locations and very 

small precipitates of Widmanstatten Mg2Si. Micron 

bar length is 20 µm. 
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Figure 3.12: As-cast AA7075 alloy. Sample is taken 

at the surface of the ingot. Microstructure shows 

segregated Al2CuMg and MgZn2 phases at 

interdendritic locations. Micron bar length is 100 µm. 

Figure 3.13: Eutectic (12.6 wt-% Si) microstructure 

of Al-Si alloy. Micron bar length is 25 µm 
[8]

. 

3.2.3. Specific Effect of Bismuth and Lead on the Structure and Properties 

Both bismuth and lead have very limited solubility in aluminium. That, together with their 

high density is the reason for the appearance as fine dispersed particles in the matrix and at 

grain boundaries. Bismuth and lead impurities have the form of spheres when located inside 

the grain and are lens shaped when present along grain boundary, see Figure 3.14. If 

observing their respective phase diagram (see appendix) and considering their position in the 

periodic table it is obvious that they are very similar why the same or very similar behaviour 

is expected. 

 

Bismuth and lead are occasionally present in aluminium alloys as trace elements. Otherwise 

alloying with bismuth and lead occurs in order to improve machinability since respective 

precipitate is soft. They are for the same reason used as lubricants in cutting tools. However, 

bismuth expands during solidification while lead contract why it is favourable with dual 

alloying to cancel the effect. 

 

 
 

Figure 3.14: Lead inclusions at grain boundary and in matrix. Observe the lens shaped and sphere like 

appearance 
[9]

. 
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There are several ways to examine the influence of bismuth and lead in aluminium alloys. 

One approach is to describe mechanical properties in terms of fracture behaviour i.e. the 

amount of energy which is necessary to cause fracture of the material since different alloying 

elements behave differently under applied stress. However, previous work according to 

reference 
[9]

 reports a classical ductile-to-brittle transition of binary aluminium alloys 

containing bismuth or lead close to respective melting point (271°C, 327°C). This contributes 

to liquid-metal-embrittlement (LME) due to a decreased fracture surface energy (Figure 3.15) 

which leads to crack initiation and ultimately fracture. 

 

 
 

Figure 3.15: Illustration of classic ductile-to-brittle transition behaviour. In this case energy absorbance (J) is 

measured against temperature (°C) 
[9]

. 

3.2.4. Classification 

There are several ways to classify aluminium. The European standard (EN) which was 

introduced some years ago had the purpose to replace older standards. The idea was to 

establish one common standard for whole Europe instead of one in every country. 

 

There are two types of standards for aluminium. The first one is of a descriptive nature. It is 

based on chemical composition and gives either the amount of aluminium if unalloyed; 

otherwise it gives the amount of the main alloying elements. The other standard type is a 

numerical standard and is based on the older American AA standards. Both standardizations 

are used parallel but the numerical is regarded as the main form of aluminium standards. The 

first number in the standard form represents the main alloying element and the set of numbers 

represents what type of alloy. Four numbers represents wrought alloys and five numbers 

represent cast alloys. An example of a numerical standard is EN AC-21000. It means that it is 

a cast alloy and that the main alloying element is copper.  The same alloy but in the describing 

form looks like: EN AC-21000[AlCu4MgTi]. The last part of the describing standard is 

referred to as supplementary information to the numerical standard. This part is not always 

published why the numerical form is considered the main form. 

 

The main alloying elements are listed in Table 3.2 for further clarification. 

 

 

 

 



Master of Science Thesis 

MH200X 

15 

Series Number Main Alloying Element 

1xxx(x) > 99.9 % Al 

2xxx(x) Cu 

3xxx(x) Mn 

4xxx(x) Si 

5xxx(x) Mg 

6xxx(x) Mg + Si 

7xxx(x) Zn 

8xxx(x) Other 

 

Table 3.2: Main alloying element for each alloy series 
[10]

 according to European standardization. 

 

Even further, there are so called temper designations. The five most common states are F, H, 

O, T and W, see Table 3.3. 

 Temper F, As Fabricated: 

Refers to alloys that have not been subjected to any heat treatment. 

 Temper O, Annealed: 

Refers to alloys that have been heat treated in order to obtain decreased level of 

strength. The purpose is improved workability. 

 Temper H, Strain Hardened: 

Refers to alloys that have been strain hardened in order to obtain increased strength. 

This temper is divided into subdivisions which describe the state of the alloy more 

precisely. The varying parameters are then hardness and additional heat treatment. 

 Temper W, Solution Heat Treated: 

Refers to alloys that have been solution heat treated and naturally aged but for short 

times why this temper is considered unstable. 

 Temper T, Solution Heat Treated: 

Refers to alloys that have been heat treated in order to obtain full hardening effect. 

Temper T does also divide into subdivisions. Varying parameters for this temper are 

mainly ageing condition and cold deformation. 

 

Designation Tempering 

F As Fabricated 

O Annealed 

H Strain Hardened 

W Solution Heat Treated 

T Solution Heat Treated 

 

Table 3.3: Explanation of each temper designation 
[11]

. 

 

Worth noticing is that the T and W temper is not the same. The T designation represents 

complete hardening effect while the W designation refers to an aluminium alloy which has 

been subjected to ageing. This is caused by insufficient heat treatment time.  
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3.2.5. Wrought Alloys 

Wrought alloys can be used for both rolling and extrusion. Extruded profiles are mainly 

manufactured by heat treatable alloys. Common wrought alloys are represented by the 6xxx 

series which obtains the hardening effect due to the Mg2Si phase. Otherwise, general for 

wrought alloys is that strength is increased by addition of magnesium (up to a maximum of 

7%) or by additions of zinc, copper, and / or silicon in addition to magnesium. Furthermore, it 

is appropriate with a higher copper concentration in alloys suited for high strength properties 

at high temperatures. Rolling is more applied on alloys which are non-heat treatable. 

3.2.5.1. Heat Treatable Alloys 

The heat treatable alloys represent series 2xxx, 6xxx and 7xxx. These series differ a lot 

internally in properties. The 2xxx series has mechanical properties like yield strength in the 

magnitude of some steels but poor corrosion resistance. The high susceptibility to corrosion is 

caused by precipitates located at grain boundaries making pitting corrosion, intergranular 

corrosion and stress corrosion the most common mechanisms. 

 

The 6xxx series are not as strong but has excellent formability and excellent corrosion 

properties while the 7xxx series has very high strength but poor corrosion resistance. 

Different properties mean a wide range of possible products. 

 

Heat treatable alloys contain at least one element which is used to increase the mechanical 

properties through precipitation hardening. Precipitation hardening refers to a mechanism 

based on second phase precipitation in the alloy. It means that the constituent precipitates 

from a supersaturated solid solution e.g. Mg2Si in Al-Mg-Si alloys. In general, solubility 

increases with temperature why precipitation often occurs in compliance with rapid 

solidification in order to maximize the hardening effect.  

3.2.5.2. Non-Heat Treatable Alloys 

Non heat treatable alloys represent series 1xxx, 3xxx, 4xxx and 8xxx. These series differ in 

the same magnitude as the series representing heat treatable alloys. 

 

Unalloyed aluminium contains traces of iron and silicon naturally. The content of these must 

not pass a fixed value, usually 1% due to guaranteed contents when promoting pure 

aluminium. Typical for pure aluminium compared to alloyed aluminium is low strength, high 

conductivity and high corrosion resistance. In addition, a common alloying element is 

magnesium i.e. the 3xxx series which gives good formability and medium strength properties. 

 

Aluminium alloyed with silicon (4xxx series) enables brittle alloys which have very few 

applications as a wrought product, one example is fin heat exchanger material. The 5xxx 

series i.e. Al-Mg alloys obtains their hardening effect due to solution hardening of magnesium 

atoms in the aluminium lattice. Typical for the 5xxx series is higher strength than 3xxx alloys 

and excellent corrosion resistance in marine and seawater environment, although intergranular 

corrosion is a problem. Good formability is another characteristic property. The 8xxx series 

represent other alloying elements such as lithium and tin etcetera.  

3.2.6. Cast Alloys 

Casting of aluminium has developed substantially over the last couple of decades. That is the 

reason why this old technique is still a major industrial process. Aluminium casting processes 
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are divided into two groups: non-permanent molds and permanent molds. Which method that 

is appropriate depends on properties like dimension, shape, number of components, property 

requirements and price. Alloys that are frequently used in casting are the 4xxxx and 6xxxx 

series. Not as frequently used are 2xxxx and 7xxxx alloys. It means that the main alloying 

elements are silicon, magnesium, copper and zinc respectively, in agreement with Table 3.2. 

Alloys based on magnesium or zinc has relatively poor castability in comparison to Al-Si 

alloys. Castability is improved through the addition of silicon up to 13% 
[3]

. The cast alloys 

are not applied to as varying heat treatments as wrought alloys. The usual designations are T 

(solution heat treatment) and F (as fabricated). It is the reason why there is no extensive 

explanation of cast alloy temper designations. 

3.2.6.1. Heat Treatable Alloys 

The most frequently used heat treatable cast alloys are those from the 4xxxx series since, as 

already mentioned silicon gives excellent precipitation hardening effects. Secondary alloying 

elements for further manipulation of properties are magnesium and copper. 2xxxx and 7xxxx 

alloys are also heat treatable due to high solubility and precipitation effect. 

3.2.6.2. Non-Heat Treatable Alloys 

The 5xxxx series represent the non-heat treatable cast alloys with magnesium content below 

5%. Increasing magnesium content gives a more ductile, more homogenous material and 

significantly decreased solubility of silicon. Additions of silicon are thought to improve 

strength properties why it is beneficial with low magnesium content when adding silicon.  

3.2.7. Impurities 

The general description of an impurity is that it is a substance located in a phase; solid, liquid 

or gas which affects the material quality negatively. Typical impurities are inclusions (oxides, 

borides and nitrides), gas pores and porosity. However, one positive contribution is that they 

create nucleation sites. This is favorable in some cases like initiation of heterogeneous 

precipitation. 

3.3 Aluminium in Heat Exchangers 
Aluminium as a heat exchanger material is an excellent choice. Advantageous properties are 

low density, high specific strength, excellent corrosion resistance, high thermal conductivity 

and malleability. The main components in a heat exchanger are clad fins, tubes and header 

plates. Fin dimensions can be quite complex why the malleability is of great importance. 

Older fin material and general heat exchanger material were in a greater extent manufactured 

by copper and brass. Material research has been focusing on how to replace copper and brass 

with aluminium. The objective is to decrease the energy consumption and increase the 

durability. Another additional benefit is the extensive market for semifabricates which shows 

a great variety of products to choose from. This fact gives a better position for further 

economic downsizing. 

 

The largest drawback with aluminium is its limitation at higher temperatures. Pure aluminium 

has a melting point at 660.4°C 
[10]

. It means that aluminium alloys melt below that 

temperature. Further, material properties deteriorate as temperature is reaching the melting 

point. This is the reason why copper and brass is still competitive for high temperature 

applications. 
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3.3.1. Aluminium Fin Material in Heat Exchanger Application 

An active engine consumes a lot of energy which is associated with heat radiation. The main 

purpose of heat exchangers is therefore to maintain the engine at proper temperature and to 

avoid overheating. Figure 3.16 shows a simplified picture of a heat exchanger in automotives. 

The red part is referred to as heater and generates energy whilst the blue part is called a 

radiator and cools the engine. 

 

Fins as a material exists as a bare product. Although, the most common case is fins consisting 

of braze clads or so called multiclads, meaning more than a total of three layers. The central 

layer is the thickest layer and is referred to as the core. The core alloy is usually a 3xxx alloy 

or a 6xxx alloy. A core alloy operates at its best after brazing and properties like corrosion 

resistance and strength for long-term durability are the most important ones. Clad alloys are 

typically made from the 4xxx, 1xxx or the 7xxx series. How to compose the fin material 

depends on customer requirements on properties. 

 

 

 

Figure 3.16: Heat exchanger application in automotives 
[12]

.  

 

The brazing process is a method that brings two metallic pieces together due to the capillary 

forces of a molten clad alloy. This industrial process operates in vacuum atmosphere or 

alternatively it occurs in a controlled atmosphere brazing furnace. Significant for brazing is a 

temperature above 450°C, usually approximately 600°C. Brazing at lower temperatures is 

called soldering 
[13]

. One refers clad alloy, in this case, as braze filling material. Clad alloys 

have lower melting temperature than core alloys why there is no risk for melting of core 

material. On the other hand, brazing of fins occurs at approximately 600°C which affects the 

microstructure 
[14]

. 
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Figure 3.17: Principle of thermally dissipated heat through application of fin heat exchanger material in 

automotives. 

 

Figure 3.17 shows an accurate description of how heat exchangers operate. It is obvious that 

the generated heat of an active engine must be transported elsewhere, namely to the heat 

exchanger. This is done with assistance of a cooling liquid which transfers the heat to the fins 

where the heat dissipates. The cooling media for the fins are passing air. It absorbs the heat 

and prevents the fins from severe mechanical deterioration. 

3.3.2. Sagging 

A problem that might arise during the brazing process of aluminium is sagging, see Figure 

3.18. Sagging is described as deterioration of fin strength properties. Worst case scenario is 

collapse of heat exchanger assembly during brazing. It is therefore of great importance to 

have an understanding of causing mechanisms in order to improve sagging resistance (Figure 

3.19). One reason behind sagging is microstructure transformation of the fin material due to 

recrystallisation. It occurs mainly at elevated temperatures when the braze alloy melts causing 

penetration of the braze alloy between recrystallised grains.  

 

a) b) 

  
 

Figure 3.18: a) Intact fins. b) Sagged fins 
[15]

. 

 

A more precise description of sagging is divided into three parts; recovery sagging (low 

temperatures), recrystallisation sagging (recrystallisation temperature) and creep sagging 

(high temperatures). The causing mechanisms for recovery sagging are movements of 

dislocations in grains, subgrain boundaries formation and subgrain boundary migration. In 

contrast, causing mechanism for creep sagging is grain boundary sliding. The main 

deformation mechanism is grain boundary sliding due to liquid-film migration. 



Materials Science and Engineering 

Stockholm, Sweden 2012 

20 

 

 

 

Figure 3.19: Illustration of how to measure sagging of aluminium alloys. 

3.4 Basic Thermal Analysis  

Analytical methods for microstructure characterization have been an efficient tool over the 

last 25 years. The common approach is to combine microscopically aids as light optical 

microscope (LOM), scanning electron microscope (SEM) or transmission electron 

microscope (TEM) with macroscopic measuring instruments, like techniques in following 

sections. The opportunity of combining microscopic and macroscopic techniques makes it 

possible to gather more information for better interpretation of obtained results. This section 

introduces the theory behind thermally applicable techniques. The concerned techniques are 

differential scanning calorimetry (DSC), differential thermal analysis (DTA), dilatometry 

analysis and thermogravimetric analysis (TGA). This paper focuses mostly on DSC which is 

similar to DTA. However, a few statements are made regarding dilatometry and TGA. 

 

Thermally applicable methods are used to describe a property of a material as a function of 

temperature or time. Since both temperature and time dependency is covered, both 

thermodynamic and kinetic properties are evaluated resulting in a large spectrum of 

possibilities. Furthermore, the temperature program in such techniques is configured by the 

user herself. The most common use is a non-isothermal temperature program (see Eq. 1) 

which increase or decrease the temperature linearly in proportion to time: 

 

0T T C*t     (1) 

 

, where T is the actual temperature, T0 is the initial temperature, C is the heating/cooling rate 

and t is the time 
[7]

. Maximum operating temperature of DSC equipment varies between DSC 

manufacturers’ but 700°C seems to be a common peak temperature. Moreover, microstructure 

transforms due to temperature increase or decrease which results in shifting state of energy as 

energy is released or absorbed. Differential thermal techniques are constructed to analyse how 

energy related properties are affected in each specific case. Generally important properties are 

enthalpy, heat capacity, thermal emissivity and purity of metals 
[7]

. Which specific properties 

respective technique focuses on is more extensively described in respective section. 

3.4.1. Differential Scanning Calorimetry 

Differential scanning calorimetry is a technique which measures the heat flow of a sample in 

relation to a reference material. The output is both time and temperature dependent. For 

additional clarification of how a differential scanning calorimetry actually operates, the terms 

“differential” and “calorimetry” are explained. Calorimetric techniques involve heat flow 

evaluation of a sample. A technique that is denominated as differential is a technique that 

measures heat flow of a sample in comparison to a reference. DSC is a quick tool for 

measuring properties like heat capacity, enthalpy but also phase transformations 
[16-18]

. The 

same is valid for DTA. 

 

h 
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There are two types of differential scanning calorimeters, heat-flow DSC and power-

compensated DSC. In a heat-flow DSC the sample crucible and reference crucible are located 

at specific crucible areas. These areas are sometimes marked, like for instance in a Mettler 

Toledo DSC model 821
e
 where they are marked in the DSC chamber with circles including 

“R” and “S” symbols for respective location.  The thermocouple junction is positioned 

beneath the sample crucible and the reference crucible. It is crucial with optimum contact 

areas for optimum heat transfer and precise measurements. A heat-flow DSC compares the 

heat flow between sample and reference as temperature is changing according to temperature 

program. A power-compensated DSC is based on a different theory. The thought is to retain 

both the sample and the reference at the same temperature throughout the complete 

temperature program. Slightest heat flow deviation from either sample or reference results in 

a power adjustment. It results in a proceeding balance between the two. This adjustment 

corresponds to an endothermic or exothermic reaction which is shown on the DSC trace. A 

typical DSC trace for pure aluminium can be observed in Figure 3.20: 

 

 

 

Figure 3.20: Thermogram for pure aluminium with a heating rate of 10°C/min. Onset temperature for melting: 

660°C, Peak temperature: 667°C and Offset temperature: 674°C. 

 

Ideally, first order transitions occur isothermally according to Le Chatelier’s principle. It 

states that energy are either introduced or removed from the system and contributes to phase 

transformation rather than temperature change. This explains why melting and solidification 

peaks are very sharp. However, ideal conditions would result in a straight vertical line in the 

DSC curve. This is not the case due to kinetic reasons. 

 

Heating of DSC furnaces occurs commonly due to electric resistance heating. The technique 

is based on electronic movement in electrically resistant materials which results in energy 

dissipation. The heat is mainly generated by frequent collisions in the lattice. The energy that 

is created is proportional to the current and the material resistance (Eq. 2): 

 

P=I
2
R   (2) 
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Since electric resistance increase in metals with increasing temperature, additional power 

must be generated in order to obtain increased temperature. Both direct current and alternating 

current works for thermal analysis application. 

3.4.1.1. Thermocouples 

The components in thermally analysing techniques need to be accurate and need to function 

properly in operating atmosphere to give a precise analysis. Evolved heat is closely related to 

temperature in the sample and reference crucible. Thus, most attention in this section is used 

to underline the importance of thermocouples. However a short description of the different 

parts in a DSC chamber will also be overviewed.  

 

Thermocouple is a device which measures temperature. It is most useful in DSC and DTA 

instruments and consists of two different materials which are connected by a weld joint. 

Thermocouples are placed beneath both the sample crucible and reference crucible which in 

turn are electrically connected. Figure 3.21 shows the creation of an electron loop caused by 

temperature difference. Sample material and reference material have different heat 

conductivity. It means that, as temperature increase, different amount of heat will be 

conducted to respective thermocouple junction. This generates a temperature potential which 

is proportional to the heat flow in the DSC. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21: Function of thermocouple. An instant temperature difference creates a current due to free electron 

density. 

 

There are many types of thermocouples. Which one to choose, depends on what type of 

thermal equipment that is at hand. Some are listed in Table 3.4. Thermocouple type B, R, and 

S seems like alternatives for DSC application with regards of its range. Chromel is a trade 

name for an alloy consisting of nickel, chromium, iron and silicon. Constantan consists of 

copper, nickel and manganese.  

 

The construction of a general DSC enclosure is probably best described of a schematically 

illustration, see Figure 3.22. Other surrounding components are also displayed in the figure. 

Of great importance are the thermal radiation shields which protect the chosen thermocouple 

from external heat. Otherwise more inaccurate measurements would be given. 

 

Sample Temperature 

Reference Sample 

Reference Temperature 
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Figure 3.22: Schematically drawing of a heat-flow DSC 
[19]

. 

 

3.4.1.2. Sensitivity of DSC Equipment 

The heat flow sensitivity of the DSC equipment is closely related to the thermocouple 

sensitivity, since the heat flow measuring device actually is the thermocouple. The relation is 

described by respective parameters, thermocouple ε(T) and calibration coefficient k(T). Both 

ε and k are functions of temperature and related to each other, even though they differ a lot. 

The relationship is described by Equation 3 
[20, 21]

: 

 

3

1
k(T) (T)

A BT
   (3) 

 

Conventionally, the relation has a polynomial form where the constants A, B and T are fitted 

automatically in more sophisticated DSC instruments. Constant A is related to heat 

conduction and BT to radiation. However, these functions differ from manufacturer to 

manufacturer why there are minor differences in accuracy. Still, accuracy better than 1% is 

expected. Figure 3.23 shows a comparison of such functions. It shows that thermocouple 

Type Metal Color Range 

+ - + - T (°C) EMF (mV) 

B Pt-30% Rh Pt- 6% Rh Grey Red 0-1700 0-12 

E Chromel Constantan Violet Red -200-900 -9-69 

J Iron Constantan White Red 0-750 0-42 

K Chromel Alumel Yellow Red -200-1250 -6-51 

N Nicrosil Nisil Orange Red -270-1300 -4-48 

R Pt-13% Rh Pt Black Red 0-1450 0-17 

S Pt-10% Rh Pt Black Red 0-1450 0-15 

T Cu Constantan Blue Red -200-350 -6-18 

C W-5% Re W-26% Re White Red 0-2320 0-39 

       

Table 3.4: Different types of thermocouples 
[19]

. 
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function ε(T) increases with temperature during the whole temperature interval whilst the 

calibration coefficient k(T) increases to a maximum and thereafter decreases.  

 

There are two methods to determine the calibration coefficient. Mettler Toledo uses a basic 

single-point principle while Netzsch use a principle based on several points. The difference is 

that the single point method is quicker but quite rough. The latter method is more accurate but 

more time consuming. The reason is that single-point calibration coefficient compares its 

function, k(T) with the melting point of a pure element, usually zinc or indium, and converts 

data to a scaling factor. This is then applied by multiplication of the whole DSC curve. The 

several-point method uses a number of experimental values and transforms these to a 

polynomial. The coefficients are analysed with the least-square-method. It gives a slightly 

more sensitive apparatus. Unfortunately, many metals show an uncertainty between 2% and 

10% for respective melting point and melting enthalpy. It means that it is difficult to calibrate 

and analyse such an element. 

 

 

 

Figure 3.23: Line 1-3 represent calibration coefficients for different DSC types; 1: DSC-111 Setaram, 2: DSC-

30 Mettler, 3: DSC – 204 Netzsch. Line number 4 represents the sensitivity of thermocouple as function of 

temperature 
[20]

. 

3.4.1.3. DSC Equipment Manufacturer’s 

There are several DSC equipment manufacturers on the market producing both power-

compensating DSC’s and heat flux DSC’s. However, the properties between the DSC 

instruments may vary somewhat but overall, they have similar technical data. The largest 

manufacturers are listed below: 

 Linseis Thermal Analysis 

 Mettler Toledo 

 Netzsch 

 Perkin Elmer 

 Setaram Instrumentation 

 Shimadzu 

 TA Instruments 
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3.4.2. Differential Thermal Analysis 

The differential thermal analysis is a technique which basically measures the temperature 

difference between sample material and reference material (ΔT=Ts-Tr). The instrumental 

setup is similar to that of a heat-flow DSC and the temperature program is of the same 

principle. However, the output signal is different. The difference is the measured property 

since a DTA measures the change in temperature, not the change in heat flow which is the 

case for DSC analysis. Figure 3.24 illustrates a schematic model of a basic DTA: 

 

 

 

Figure 3.24: Overview of a DTA instrument 
[19]

.  

 

The working temperature for DTA instrument is higher, commonly above approximately 

1500°C 
[17]

. One example of application in that temperature range is investigation of steel slag 

behaviour.  

3.4.3. Dilatometry 

Dilatometry is a technique which evaluates a material’s dimensions as a function of 

temperature. It will expand or contract depending on the thermal expansion coefficient of the 

specific metal. Examples of applications are studies regarding martensitic transformation in 

metals 
[22]

 and precipitation characterization 
[23]

.  

 

There are two types of dilatometers; single pushrod and dual pushrod. A single pushrod 

dilatometer measures the dimension change in relation to a reference point, which is 20˚C. It 

is defined as room temperature. A dual pushrod works in a similar way but instead of 

comparing with a reference point a reference material is added next to the sample. Figure 3.25 

a) and b) shows the two dilatometer types. 
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a) 

 

b) 

 

 

Figure 3.25: a) Single pushrod dilatometer and b) Dual pushrod dilatometer 
[19]

.  

 

The alumina pushrod is coupled to an alternating current. It produces a voltage signal in the 

form of sine waves as a function of time. These sine waves are mutually shifted in either 

positive or negative direction as the material expands or contract. 

3.4.4. Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is a technique that measures weight change as function of 

temperature, in a controlled atmosphere. It can also be used to measure mass change as 

function of time at isothermal condition. TGA measurements plot weight or wt-% (abscissa) 

against time or temperature (ordinate). The atmosphere could be very reactive like oxygen gas 

or nitrogen gas or it can be inert, like vacuum. It depends on the purpose of the investigation. 

The temperature program concept is similar as to the case of DSC and DTA. The technique is 

conventionally used for heat stability analysis and monitoring degradation mechanisms. 

Examples from literature are for instance investigations regarding oxygen and nitrogen 

reactivity of aluminium alloys 
[24, 25]

. Other well known applications are determination of 

materials’ service lifetime e.g. polymers and metallic materials but also determination of 

Curie temperature for ferro magnetic and ferri magnetic materials i.e. the temperature when a 

magnetic material loses its magnetic property. Figure 3.26 describes TGA equipment 

schematically. 
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Figure 3.26: Principle description of TGA 
[19]

 equipment. 

 

The principle is the same as for a power-compensated DSC in the sense that it strives to 

preserve the null-position throughout the whole program. As the sample gain or lose weight, 

counter weights initiate a signal representing a current proportional to the weight change. This 

signal is then received of the coil which adjusts the counter weights.  

3.5 Optimal Use of DSC Technique on Aluminium 

Optimization of DSC technique includes thorough consideration of several properties. Initial 

focus is set on calibration. It will be followed by discussions regarding calibration parameters, 

crucible material, sample preparation, furnace atmosphere and heating rate. 

3.5.1. Calibration 

Calibration means the establishment of a quantitatively defined relationship between a value 

of a quantity indicated by the measuring instrument and the true value 
[17]

. As mentioned 

previously, the quantities of interest for DSC application are time (temperature), heat 

(enthalpy) and heat flow (heat capacity). The importance of calibration has made it a hot 

subject for research over the years and numerous reports have been published in the topic 
[26-

29]
. Moreover, the quality of the acquired data by DSC measurements is highly dependent on a 

proper baseline adjustment. The baseline is adjusted by data handling based on measurements 

of pure substances. If the instrument needs baseline correction, it is performed by the user 

who types in corrected data which are stored in the software, coupled to the instrument. The 

corrected baseline is then valid for all future measurements until a new calibration is 

performed. In conclusion, experienced users with significant background knowledge and skill 

are recommended to perform such calibration. This gives an uncertainty of the DSC results in 

similar magnitude as the operator’s inaccuracy of the calibration. More details regarding 

calibration are discussed in following sections. 

3.5.1.1. Baseline Construction 

The primary consideration in baseline construction is to remove the influence of instrumental 

effects. This is done by measuring an empty crucible against another empty crucible. It should 

result in a straight line along the abscissa, the zero line. This is not always the case since 

minor differences exist but now they are at least taken into consideration. Repeated procedure 
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is favourable for more reliable values. Secondly pure substances are evaluated due to known 

values of melting point and heat of fusion (J/g). The use of pure substances gives a clear 

signal and corrections are relatively simple if needed. However, interest arises when the alloy 

is introduced into the sample crucible. A perfect calibrated DSC instrument would measure a 

straight line following the abscissa which than deviates according to endothermic or 

exothermic reactions and then return to the zero line, on the x-axis. Baseline construction is 

shown in Figure 3.27: 

 

 

 

Figure 3.27: Schematic illustration of how to construct an accurate baseline 
[30]

. 

 

There is always a divergence from the zero line or isothermal baseline but in different scale. 

This problem is solved by subtracting the curves from already considered measurements. It 

results in a significantly more accurate curve. Though, remaining problems are deviation in 

the beginning of the baseline and heat flow difference between onset (ti) and offset (tf), see 

Figure 3.27. The deviation in the beginning of the curve is caused by accelerated heating by 

the instrument itself which tries to reach the initiating value of the temperature program as 

fast as possible. When the program starts it takes some time before the signal stagnates. It 

may therefore be appropriate to disregard the first 30-60 seconds of the measurements. If 

there is no difference in ordinate between initial baseline and final baseline, then the 

interpolated baseline is obtained by drawing a tangent between the two. If there is a 

difference, it is not as trivial. There are numerical methods for evaluating the most appropriate 

baseline in the form of polynomials 
[30]

. Recommendations states however, to follow the 

extrapolation of a straight line.  

 

Calibration can be divided into three parts: 

3.5.1.2. Temperature Calibration 

Temperature calibration is performed to obtain accurate values at melting points. 

Measurements of high-purity metals fulfil this aspect. Appropriate calibration materials are 

recommended by the National Institute of Standards and Technology (NIST). Temperature 

calibration is usually relatively simple and very exact. 

3.5.1.3. Enthalpy Calibration 

Enthalpy calibration is executed in the same manner as temperature calibration. It focuses on 

the integral under the melting endotherm (or solidification exotherm). A melting endotherm 
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represents the energy required to melt the substance, the heat of fusion. By comparing the 

calculated value with the tabulated one it is possible to calibrate the equipment. Temperature 

and enthalpy calibration occurs often simultaneously. 

3.5.1.4. Specific Heat Calibration 

Specific heat calibration includes comparison of temperature against degree of transformed 

phase for a melting reaction. Inaccurate values are eliminated by running an empty crucible 

against another empty crucible as was described previously. As specific heat describes the 

instrumental effect one should secure high-quality gas flow in the DSC enclosure. With high-

quality gas flow means a constant gas flow. 

 

Finally, calibration and measurements should be performed, if possible, on the same day, for 

most confidence in the results. Otherwise, standard recommendation is to calibrate the DSC 

equipment once in every two months 
[21]

.  

3.5.1.5. Calibration Substances 

A certified and approved calibration substance must meet some requirements before 

acceptance. It must be/have:  

 Available with high-purity (> 99.999%) 

 Inert with ambient atmosphere 

 Inert with crucible material 

 Long-term stabile 

 Physiologically harmless 

 Well defined transition temperature 

 Well defined transition heat 

 High transition rate 

 No influence on transition temperature due to grain size 

 No influence of nucleation 

 

Approved substances are listed in Table 3.5:  

 

Metals T (°C) T (K) ΔHfus(J*g
-1

) 

Mercury -38.86 234.29 ± 0.03 11.469 ± 0.008 

Indium 156.61 429.76 ± 0.02 28.71± 0.08 

Tin 231.92 505.07 ± 0.02 60.55 ± 0.13 

Lead 327.47 600.62 ± 0.02 23.00 ± 0.05 

Zinc 419.53 692.68 ± 0.02 108.6 ± 0.5 

Aluminium 660.33 933.48 ± 0.05 401.3 ± 1.6 

Silver 961.78 1234.93 

  

Table 3.5: List of approved calibration substances 
[26]

. Their melting point varies between -38.86-961.78°C. 

 

It is wise to use as many substances as possible to achieve more precise measurements across 

larger intervals. It gives accuracy to the measurements. Calibration is a time consuming 

process but a minimum of three substances should be applied. 
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3.5.2. Crucible Material 

Recommended crucible materials according to NIST are corundum (Al2O3) and copper, See 

Table 3.6. Other materials like platinum and zinc were disregarded since they did not meet all 

the requirements. However, there are DSC investigations where a platinum crucible has been 

used. One reason may be better thermal conductivity compared to alumina (Al2O3).  

 

There is a high solubility of copper in aluminium why undesired reactions would occur. 

Moreover alumina is found in the lower part of the Ellingham-Diagram why the oxide is 

regarded as stable. 

 

Substance Temperature Uncertainty Remarks 

 
Range (K) (%) 

 
Corundum (α-Al2O3) 70-300 0.4-0.1 NIST SRM 720 

   

(synthetic sapphire) 

 

290-2250 0.1-0.2 

 

    Copper (Cu) 20-98 0.1 Oxygen Free High Conductivity quality 

    

 

98-320 0.1 

  

Table 3.6: Recommended crucible materials according to NIST 
[29]

. 

3.5.3. Sample Preparation 

One advantage with using the DSC technique is that it requires only elementary sample 

preparation. It is usually performed by grinding to a thickness of 0.5-2.0 mm followed by 

punching. The alternative is to machine bulk material into rods with a diameter of 

approximately 5 mm followed by cutting into discs. The sample surface needs to be smooth 

for optimum heat transfer. It may therefore require some final grinding. It is obvious that the 

samples are subjected to deformation. Deformation is undesired and affects the metal by 

introducing more heterogeneous nucleation sites like dislocations, subgrain boundaries and 

dislocation loops and vacancy clustering 
[31]

. This can lead to earlier phase formation and 

therefore shift the curve slightly towards lower temperatures. Aluminium is a ductile metal 

which will work harden when introducing dislocations through plastic deformation. The affect 

is easy to detect on a DSC trace if the initial dislocation density in the material is low.  

 

The influence of sample size should be thoroughly considered. A large sample gives higher 

sensitivity due to increased precision when it comes to minor temperature change. A 

drawback is the risk for undesired thermal gradients. However, small samples increase 

resolution. Finally, the size of sample and calibration substance should be similar. 

3.5.4. Furnace Atmosphere 

It is critical to avoid an oxidative environment in the furnace. That is why nitrogen gas (N2) or 

argon gas (Ar) is recommended to use. Both gases are inert with aluminium and no reaction 

occurs. It is possible to add a few (1-5) wt-% of hydrogen gas to nitrogen gas if a reducing 

atmosphere is needed. 
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3.5.5. Heating Rate  

Heating rate is a parameter that has great impact on how a material´s DSC trace looks like. 

Table 3.7 gives a general comparison of high versus low heating rates: 

 

 

Table 3.7: Comparison of how heating rate influences on the output of DSC measurements. 

 

How the peaks shift can be observed in Figure 3.28 a) and b). Common heating rates for DSC 

analysis vary between 5-20˚C/min. A general compromise seems to be using 10˚C/min as 

heating rate. 

 

a) b) 

  

 

Figure 3.28: a) Effect of heating rate as a function of time (min). b) Effect of heating rate as a function of 

temperature (°C) 
[19]

. 

3.5.6. Summary 

Here follows a short summary from the compilation above: 

 

Calibration: Adjust baseline and calibrate against following parameters: 

temperature, enthalpy and specific heat. Calibration is often a 

combination  of several of already mentioned parameters. 

 

High Heating Rate Low Heating Rate 

 Peaks shifted against higher temperatures  Peaks shifted against lower temperatures 

 Increased sensitivity  Decreased sensitivity 

 Risk for reaction overlapping  Increased resolution 

 Less reliable baseline 

 Larger temperature interval  

 Smaller time interval 

 Smaller temperature interval  

 Larger time interval 

 Earlier onset (temperature) 

 Later onset (temperature)  Later onset (time) 

 Earlier onset (time)  
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Crucible Material: Cu, Au, Pt, C (graphite) or Al2O3. Copper and alumina crucibles 

are recommended by NIST. 

 

Sample Preparation:  Manufacture samples to a diameter of approximately 5 mm and 

with a thickness of 0.5-2.0 mm. It is also important to ensure that 

there is a smooth surface for optimum heat transfer. 

 

Furnace Atmosphere:  N2 (g) or Ar (g), with additional 1-4 wt-% of H2. 

 

Heating Rate: 5-20˚C/min. 

3.6 The Role of DSC Technique in Material Development 

Differential scanning calorimetry is a traditional metal characterizing method. It has now 

developed to play an important role in material development. The reason appears to be its 

ability and versatility to investigate microstructure phenomena with high precision. This 

section covers the scope of use for the DSC technique to clarify its importance. 

 

Every single alloy differs in composition and has its own specific DSC curve with its own 

characteristic phase transitions. If changing a parameter, like for instance heating rate, the 

transitions will still be in agreement even if there is a minor shift in any direction. As Table 

3.8 states, melting and solidification represents the transitions of greatest enthalpy change. 

The corresponding peaks are therefore much larger.  

 

Reaction Peak Shape ΔH (J/g) 

Melting Endothermic Sharp Hundreds 

Dissolution Endothermic Broad Tens 

Solidification Exothermic Sharp Hundreds 

Precipitation Exothermic Broad Tens 

Recrystallisation Exothermic Broad Tenths 

 

Table 3.8: Reaction enthalpies. Melting and solidification gives the largest value while recrystallisation gives 

the smallest 
[7]

. 

 

Moreover, many DSC investigations apply a temperature program which passes the melting 

point of the considered material. In that case, the most obvious and instant information one 

retrieves from a DSC curve is the melting range. The onset temperature is when a material 

initiates its melting process i.e. its melting point. It can be observed as a distinct deviation 

from the baseline on the DSC trace. The peak temperature represents the point when the 

sample is molten. As been concluded previously, the integral under the curve represents the 

heat of fusion (ΔH), which is closely related to heat capacity. Although these properties are 

interesting, other phenomena are also applied for DSC measurements. Actually, DSC is 

commonly used for investigations regarding homogenisation, ageing, and recrystallisation but 

also to evaluate kinetic properties such as reaction rate e.g. dissolution rate and precipitation 

rate 
[16, 32-36]

. 
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3.6.1. Kinetic Properties 

Kinetic properties cover a wide range of parameters which indicate how fast reactions actually 

occur. One example is activation energy for reactions. It is studied by DSC technique through 

analysing transformed volume fraction of specific phase as a function of temperature and 

time. Activation energy originates from nucleation and growth reactions described by the 

Johnson-Mehl-Avrami (JMA) model, see Equation. 4:  

 

nF 1 exp( kt )    (4) 

 

, where F is fraction transformed phase; k is a temperature dependent rate constant. 

Superscript constant n represents the nucleation and growth mechanisms. Equation 4 can be 

rewritten as: 

 

nln(1 F) kt    (5) 

 

, which represents a linear expression in order to determine fraction transformed crystals. 

Further logarithmic extension results in the equation of a straight line: 

 

ln[ ln(1 F)] ln k n ln t    (6) 

 

Numerous JMA values are obtained through measuring crystallization at different isothermal 

temperatures. The slope of the line represents the constant n, see Figure 3.29: 

 

  

 

Figure 3.29: Fraction transformed as a function of temperature and corresponding JMA plot 
[19]

. 

 

The constant k is considered to follow the Arrhenius equation: 

 

a
0

E
k k exp

RT
   (7) 

 

, where k0 is a pre-exponential constant and Ea (kJ/mole) represents activation energy of the 

transformation reaction. Activation energy represents the minimum energy for reaction 
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occurrence and is the used kinetic value for comparison amongst other chemical reactions. 

Transforming Equation 6 into logarithmic form and plotting ln(k) against 1/T makes it 

possible to calculate the activation energy by studying the slope which is shown in Figure 

3.30: 

 

 

 

Figure 3.30: Illustration of how to determine the activation energy through analysing the slope in an Arrhenius 

plot 
[19]

. 

3.6.2. Ageing 

Heat treatment at lower temperatures is important since it affects microstructure and 

mechanical properties. Aluminium alloys are commonly precipitation hardened at so called 

annealing temperatures. Secondary precipitation, however, occurs at lower temperatures and 

increases the hardening effect further. DSC instruments are used to describe the ageing effect. 

One example is shown in Figure 3.31 which shows the influence of varying ageing time. 

 

 

 

Figure 3.31: Natural ageing of alloy 7020 (4.8% Zn, 1.3% Mg) at room temperature for different times 
[37]

.  

 

Label D represents a dissolution reaction. The DSC traces show that the endothermic 

reactions increase in size with increased ageing time. Increased ageing time gives a higher 

concentration of the specific phase. It will require more and more energy to dissolve it.  

3.6.3. Homogenisation 

Homogenisation is a heat treatment which purpose is to obtain an evenly distributed matrix 

which improves properties like workability and strength. It is therefore important to maximize 
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the dissolution of unwanted phases and particles. For instance, typical homogenisation 

temperature for 7xxx alloys is below 470°C. Figure 3.32 is shown to exemplify the DSC 

applicability for homogenisation. It shows the behaviour of an as-cast 7150 alloy at varying 

homogenisation temperatures, heat treated for 48 hours. In this case, samples homogenised 

below 455°C shows two endothermic peaks while those heat treated over 455°C shows only 

one. It is thought to be caused by two intermetallic phases. Hua Chen et.al recommends in 

their work a two-step homogenisation method to maximize dissolution of both phases. 

 

 

 

Figure 3.32: Illustration of homogenization effect 
[38]

. 

3.6.4. Recrystallisation 

Recrystallisation is a subsequent heat treatment to cold deformation. Recrystallisation 

temperature is when new, smaller grains are forming and replacing former, larger grains. 

Figure 3.33 shows what is happening in a DSC trace for an Al-Mn alloy with cold deformed 

structure to levels varying between ε=0.5-3.5. 

 

 

 

Figure 3.33: DSC trace of Al-Mn alloy which has been subjected to cold deformation to the labelled strains 
[33]

. 
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Figure 3.34:  Microstructure of samples after isothermal annealing for 2 hours at 425°C, 450°C and 500°C 

respectively 
[33]

. 

 

The DSC curve shows that increased cold deformation increase the recrystallisation effect i.e. 

multiple peaks with more distinct and sharper deviation. The figure illustrates recrystallisation 

at approximately 500°C for a strain rate of ε=0.5. Recrystallisation decreases in onset 

temperature with increasing strain i.e. the more deformation the faster the recrystallisation 

initiation. Samples exposed to strains over 1.9 shows another peak which occurs before 

respective recrystallisation peak. Author of the report, Yucel Birol states it represent 

precipitation activity. It is likely since Al-Mn precipitates are activated heterogeneously by 

defects and dislocations. Figure 3.34 shows the recrystallisation dependence of true stain and 

annealing temperature. It clearly shows that degree of recrystallisation increase with increased 

deformation. 

3.6.5. Depression of melting point 

Nanoparticles have lower melting point due to increased surface area. It means that a larger 

number of atoms are available at the surface. An earlier study concluded that further decrease 

in particle size results in even further melting point depression. This dependence is mutual for 

enthalpy. Figure 3.35 shows the influence of decreased particle size on a DSC trace for 

aluminium particles. Corresponding depression is conventionally calculated with the Gibbs-

Thomson equation. 

 

 
 

Figure 3.35: Depression of melting point in nanoparticles 
[39]

. 
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4. Experimental 

4.1 Material 

4.1.1. Part 1: Bulk Materials 

Four aluminium alloys were provided by Sapa Technology as bulk material: Alloy A (hot 

rolled), Alloy B (homogenised), Alloy C (homogenised) and Alloy D (H14). Table 4.1 shows 

the chemical analysis of each alloy in wt-%. Alloy B contains high levels of tin, bismuth and 

lead. Alloy C contains intermediate levels of bismuth and lead but no tin. Alloy D contain 

lead and bismuth at ppm level with the purpose to resemble a commercial fin heat exchanger. 

Alloy D and Alloy A contains 5-10 ppm lead even if chemical analysis states zero content. 

 

Material Al Bi Cu Fe Mg Mn Ni Si Sn Pb Zn Zr 

Alloy A bal.   x   x x   X - 

Alloy B bal. 0.45  x X x  X 0.90 0.10  - 

Alloy C bal. 0.04 x x X x  X  0.02  - 

Alloy D bal. 0.026  x x X  x  -  - 

 

Table 4.1: Nominal composition of Alloy A-D. 

4.1.2. Part 2: Fin Materials 

The materials investigated in part 2 are aluminium clad and bare fin material. Both belong to 

the 3xxx series with manganese as major alloying element. Manganese, silicon and 

magnesium promotes high post-braze strength. The braze clad material is a type 4xxx alloy. It 

is silicon based which promotes high fluidity and rapid diffusion into base metal. It also 

results in a narrow melting range. Chemical compositions are given in Table 4.2:  

 

Material Al Bi Cu Fe Mg Mn Ni Si Sn Pb Zn Zr 

Alloy D bal. 0.026  x x X - x   - - 

Alloy E bal. - x x - X  x - - x x 

Alloy F bal. - x x - x  X  - x - 

 

Table 4.2: Nominal composition of Alloy D fin material, Alloy E fin material and Alloy F braze material. Note 

the high silicon content in the braze material. 
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Alloy E was investigated both as bare fin and braze clad fin material. The latter material was 

manufactured with different tempers, see Figure 4.1. 

 Temper O(L) refers to a material which is completely annealed, and consequently 

totally recrystallised.  

 Temper H18 refers to a material which is cold rolled without subsequent annealing. 

This is the hardest temper. 

 Temper H24 refers to a material which is cold rolled with subsequent tempering. It is 

classified as a half hard temper. 

 Temper H14 refers to a material which has been subjected to cold rolling, annealing 

and then final rolling. It results in a half hard temper. Materials denoted as H14SR 

means H14 sagging resistant. 

 

 

 

Figure 4.1: Illustration of the thermomechanical processing of fin materials, including temperature and 

deformation 
[40]. 

4.2 Sample Preparation 

The materials analysed in this work are of two different types, bulk material and 

manufactured fin material. Due to large thickness difference two separate procedures for 

sample preparation are required.  

4.2.1. Part 1: Bulk Materials 

Sample preparation was performed by turning bulk material into rods with a diameter of 4 

mm and a length of 8 cm. It was followed by mechanical cutting of the rods into discs with a 

thickness of 0.8 mm. Figure 4.2 illustrates the procedure schematically. Finally, the surface 

was grinded to make it smooth for optimum heat transfer. The weights of the samples are 

approximately 30 mg. 
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Figure 4.2: Schematic illustration of sample preparation for bulk material. 

4.2.2. Part 2: Fin Materials 

Fin materials with a thickness of 70-100 µm were prepared by manual punching (Figure 4.3). 

The diameter of the sample after punching was 4 mm i.e. the same as for bulk material. One 

sample weighs approximately 2.3 mg. Therefore stacking of samples was done in order to 

decrease the weight difference between bulk material and fin material for better comparison. 

Another reason for stacking is the low amount of bismuth and lead in the materials which may 

not be within DSC sensitivity limit. Increasing the sample amount increases the probability to 

detect the trace elements. Every sample of fin materials is a stack of four discs. 

 

 

 

Figure 4.3: Schematic illustration of sample preparation for fin material. 

4.2.3. Part 3: LA-ICP-MS 

Bulk material was also prepared for heat treatment in tube furnace. Sample preparation for 

this case was turning and cutting in the same way as in part 1 but no grinding since a smooth 

surface is not necessary. The samples were divided into two pieces after heat treatment in 



Materials Science and Engineering 

Stockholm, Sweden 2012 

40 

furnace. The purpose was to enable cross-section analysis with laser ablation inductively 

coupled plasma mass spectroscopy technique of trace elements i.e. comparing concentration 

at surface against concentration at core, see Figure 4.4. 

 

 

 

Figure 4.4: Sample preparation before exposing material to heat treatment in tube furnace for 7 hours. 

4.3 Testing 

4.3.1. DSC - Differential Scanning Calorimetry  

The DSC instrument used in this project is a DSC821
e
, manufactured by Mettler Toledo. It 

uses 14 Au/AuPd thermocouples. The DSC furnace is made of pure silver while the 

temperature sensor is made of platinum. The sensor is placed on a ceramic glass disk which is 

in direct thermal contact with the heater of the silver furnace. Technical data of the DSC 

instrument is given in Table 4.3: 

 

Temperature Calorimetry Surroundings 

Range -150-700°C Sensor Au-Au/Pd Temperature 10-32°C 

Accuracy ± 0.2°C Range ± 350 mW at 100°C Relative Humidity 20-80% 

Reproducibility ± 0.1°C  ± 250 mW at 100°C   

Heating Rate 
0-20°C/min at 

500°C 
 ± 200 mW at 100°C   

 
0-100°C/min 

at 700°C 
Cell Furnace Silver   

 

Table 4.3: Technical data of Mettler Toledo equipment DSC821
e
. 
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Data from measurements are treated with STARe software, in order to calculate onset 

temperature, offset temperature, maximum peak temperature and melting enthalpy. Figure 4.5 

illustrates the appearance of the DSC821
e
 cell. 

 

 

 

Figure 4.5: Different views of used DSC equipment showing sample disc, furnace chamber and the whole DSC 

instrument. 

 

Selected crucible material is corundum (Al2O3) since it has high thermodynamic stability and 

sustains far higher temperatures than melting of pure aluminium. It would for instance be a 

poor choice to use copper crucibles since it is very reactive with aluminium. Furnace 

atmosphere is nitrogen gas (N2(g)) which enters the furnace through an inlet with a gas flow 

of 80 ml/min. The melting range measurements are performed with heating rates varying 

between 2-20°C/min, and in a temperature interval of 25°C-700°C, see Figure 4.6. 

 

DSC measurements of reactions below 500°C were analysed by using a cyclic temperature 

program as Figure 4.7 illustrates. The samples were exposed to three heating and cooling 

cycles between room temperature and 500°C followed by quenching after the third cycle. 

Additional analysis of Alloy D was performed after each cycle through quenching and 

microstructure evaluation in SEM. Finally, sample preparation and testing were performed 

with high environmental awareness. The goal was to contribute to a clean environment and to 

recycle used materials. 
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Figure 4.6: Melting range analysis with heating up to 700°C. 

 

 

 

Figure 4.7: Schematic overview of cyclic temperature program for analysis of reactions below 500°C. 

4.3.2. Solid Solubility Analysis of Trace Elements with LA-ICP-MS – Laser 
Ablation Inductively Coupled Plasma Mass Spectroscopy 

LA-ICP-MS was used in order to analyse solid solubility of tin, bismuth and lead in 

aluminium alloys. It is an effective method for concentration determination in especially 

metallic materials. The principle behind the technique is material ablation with a pulsed laser 

followed by transportation of ablated particulates to ICP-MS. This process occurs through 

argon carrier gas. The particulates are thereafter ionized by the inductively coupled plasma in 

order to enable mass spectrum analysis. The principle of the technique is schematically 

illustrated in Figure 4.8. 
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The technique has several strengths; little or none sample preparation is required, sample 

geometry is irrelevant, it is possible to analyse low concentrations (ppb level), fast results and 

it is possible to analyse all kind of materials including powders and liquids.  

 

On the other hand it has some limitations; large laser spot size (50 µm in diameter) and low 

density elements like hydrogen (H), helium (He), carbon (C), nitrogen (N), oxygen (O), 

fluorine (F), neon (Ne) and argon (Ar) cannot be analysed. 

 

Tin, bismuth and lead are easily detected due to their high density. Another important feature 

is how such trace elements are distributed in the matrix. This phenomenon is studied by 

performing so called mapping. Mapping refers to particle analysis across an area. 

 

 

 

Figure 4.8: Schematic illustration of the LA-ICP-MS technique 
[41]

. 

 

The solid-solubility of tin, bismuth and lead in aluminium is inadequately reported in 

literature and Thermo-Calc diagrams are not based on verified experimental data. Therefore 

LA-ICP-MS analyses are performed on Alloy C and Alloy D samples before and after heat 

treatment in furnace. An analysed sample that shows peaks with high intensity refers to large 

particles. The intensity unit is icps i.e. integrated counts per second. The materials were heat 

treated at three different temperatures and water quenched after 7 hours. Heat treatment 

temperatures are 400°C, 500°C and 625°C. 

4.4 Sample Evaluation 

4.4.1. SEM - Scanning Electron Microscope  

The SEM used is a LEO 1520 Field Emission Gun Scanning Electron Microscope equipped 

with an Oxford EDS/EBSD system. Both secondary electrons (SE) and backscattering 

electrons (BSE) are used. Secondary electrons enhance the possibility to observe the 

morphology. BSE identifies phases through visualising shape and contrast. Elements like tin, 

bismuth and lead are shown as white spots in a SEM picture. 
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4.4.2. EDS/EDX - Energy Dispersive Spectroscope of X-rays  

The EDS technique is used for composition analyses of the sample in SEM. It gives element 

distribution for each phase. 

4.4.3. Thermo-Calc 

Phase diagram calculations using Thermo-Calc were performed. It helps predicting and 

understanding what is happening in the microstructure. It is important to use Thermo-Calc as 

a guideline since databases are incomplete for the aluminium alloys tested and calculation of 

equilibrium differs from the reality. Calculation can therefore leave out present phases and in 

contrast also result in phases which actually are absent. Further, Thermo-Calc calculation 

tends to show inaccurate temperatures with a value higher than the reality. Calculations 

regarding material in this project have been performed using Cost database and SSOL2 

database.  
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5. Results 

5.1 Optimization of DSC for Aluminium 

5.1.1. Aluminium Analysis 

First trials on 99.9998% pure aluminium were performed as a first step to optimize the DSC 

technique. Theory states that phase transformation requires either energy addition or energy 

removal, i.e. energy do not contribute to temperature increase. It means that a pure substance 

should have a solidus temperature that coincides with its liquidus temperature for zero heating 

rate since pure substances do not have a melting range. This is tested by melting aluminium 

with three different heating rates followed by zero heating rate extrapolation according to the 

least square linear regression method. Melting of aluminium was performed with following 

heating rates: 5°C/min, 15°C/min and 20°C/min. DSC traces are given in Figure 5.1. 

 

  
Figure 5.1: Melting range for pure aluminium. Onset, offset and peak temperature increases with increased 

heating rate. 

 

An onset and peak temperature compilation for each heating rate is given in Table 5.1. Bold 

font show extrapolated values.  

 

Heating Rate (°C/min) Onset T (°C) Offset T (°C) Peak T (°C) 

20 661 696 672 

15 660 687 671 

5 660 671 664 

0 660 663 662 

 

Table 5.1: Onset, offset and peak temperatures for pure aluminium melted with three different heating rates. 

Extrapolated values have a bold font. 

 

Zero heating rate extrapolation is visualised in Figure 5.2. Optimum result would have been 

coinciding onset temperature and peak temperature extrapolated lines at 660.60°C i.e. melting 

Process 1: 

Melting 

Process 2: 

Return to Baseline 

Ex
o

 
En

d
o
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point of aluminium. The extrapolated value for onset is very close to theoretical melting point 

while peak temperature differs with 1.5 centigrade. It indicates that peak temperature is more 

dependent on kinetic factors. The same analysis is valid for offset temperatures.  

 

It should be born in mind that there are two different processes to consider. The DSC trace 

from onset temperature to peak temperature represents melting whilst the DSC trace from 

peak temperature to offset temperature represents return to baseline. The latter occurrence is a 

process where the sample strives to reach its surroundings’ temperature as quickly as possible. 

 

 
Figure 5.2: Extrapolation of aluminium onset and peak temperatures. They should theoretically coincide at zero 

heating rate for pure elements. 

5.1.2. Reproducibility 

Reproducibility is a way to verify that the results are reliable. The term means that the same 

experimental setup gives the same result every time. Following paragraph deals with 

reproducibility regarding reactions below 500°C since reproducibility is expected to vary 

more for minor reactions than melting reactions. 

 

Reproducibility for alloy Alloy C is illustrated by Figure 5.3 showing curves of three similar 

tests. The figure shows that sample 1-3 deviates in both directions i.e. above and below the 

average curve. Calculated standard heat flow deviation shows a value of 0.6% which means 

that the measurements tend to be very close to the average curve. Heat flow measurements are 

regarded as very precise.  
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Figure 5.3: DSC trace for three samples of the same alloy with the same temperature program. The curves are 

close to each other which mean that the reproducibility is high. 

 

It should be kept in mind that minor effects can be due to factors like sample preparation and 

user’s skill. Heat flow values are normalised with regards of sample mass i.e. the accuracy of 

sample weights can affect the results. 

5.1.3. Effect of Heating Rate 

According to literature review, the heating rate affects results of DSC measurements. A 

higher heating rate is reported to result in a shift of the DSC trace towards higher 

temperatures as well as giving a melting endotherm with a larger maximum heat flow value. 

The purpose of this section is to illustrate heating rate effects for performed measurements. 

Figures 5.4 and 5.5 shows DSC trace for Alloy A and Alloy B, measured with heating rates of 

5°C/min, 10°C/min and 20°C/min. DSC output agrees with literature. Important temperature 

data are given in Table 5.2. 

 

 
Figure 5.4: Illustration of the effect and importance of choosing appropriate heating rate. High heating rate gives 

a clear signal while low heating rate is more sensitive to temperature change.  
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Figure 5.5: Shift in curve due to different heating rate. A high heating rate gives a clear signal while low heating 

rates are more sensitive to temperature changes.  

 

Alloy/Phase Heating Rate (°C/min) Onset T (°C) Offset T (°C) Peak T (°C) ΔHm (J/g) 

Alloy A 20 612 670 655 377 

 10 608 657 651 375 

 5 607 653 646 384 

Alloy B 20 598 664 649 378 

 10 597 655 647 376 

 5 592 650 645 396 

 

Table 5.2: Relevant melting parameters for both alloys. According to literature, all temperatures should decrease 

with decreasing heating rate which is verified here. 

 

The melting enthalpy is equal to the area under the endotherm. Regardless of heating rate, the 

enthalpy should be the same. It is calculated for heating rates of 5°C/min, 10°C/min and 

20°C/min with the STARe software. Tabulated values for Alloy A and Alloy B with heating 

rates of 20°C/min and 10°C/min agrees well with each other. However, values for 5°C/min 

heating rate differ with the previous ones. The reason may be DSC measurements at two 

different occasions. It means that different calibrations were used and that the atmosphere was 

different in terms of temperature and relative humidity. 

 

The effect of heating rate is also studied on Alloy B (see Figure 5.6) in the temperature range 

of 200°C-500°C. The results are based on cyclic measurements between 25°C-500°C. The 

three upper curves represent heating curves performed with 20°C/min heating rate, the three 

lower curves represent heating curves performed with 10°C/min heating rate. There are two 

dashed lines in the figure which show how onset and offset temperature are shifted due to 

different heating rate. Increased heating rate gives a higher value for onset and offset 

temperature. Moreover, heating curve for Cycle 1 is below Cycle 2 and Cycle 3 for each case. 

It is therefore possible to conclude that this behaviour is not an effect of heating rate. It is 

rather caused by the cyclic heat treatment.  
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Figure 5.6: Effect of heating rate evaluated on Alloy B. The figure shows heating curves for three cycles with 

20°C/min and 10°C/min heating rate respectively. 

5.1.4. Effect of Sample Mass 

Alloy D was used to determine the effect of sample mass. The results are given in Figure 5.7. 

Samples of 15 mg and 10 mg were exposed to temperatures crossing the melting range. Three 

different heating rates were applied: 5°C/min, 10°C/min and 20°C/min. Ordinary sample 

weight is approximately 30 mg. It means that 15 mg corresponds to 50% of sample weight 

while 10 mg corresponds to 33%. The figure shows that the onset temperature is the same in 

both cases. However, peak temperature for sample representing 15 mg shows a minor shift 

toward lower temperature as can be observed in Table 5.3. Bold font gives the values for zero 

heating rates. In conclusion, using 10 mg or 15 mg samples do not affect the DSC output for 

melting.  

 

 

 

Figure 5.7: Graphic illustration of how sample mass influence on onset and peak temperatures for melting of 

Alloy D bulk material. 

Onset and offset are slightly shifted 

towards higher temperature 

● 

● 

● 

● 
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33 Wt-%: 50 Wt-%: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) 

20 633.3 
 

657.3 

10 633.5 655.9 

5 633.6 655.2 

0 633.8 654.5 
 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) 

20 634.2 657.6 

10 633.6 655.4 

5 633.8 653.6 

0 633.8 652.5 
 

 

Table 5.3: Onset, offset and peak temperatures for Alloy D with three different heating rates and different 

sample weights. 

 

The expectation is that a larger sample should show a lower onset and peak temperature than 

a smaller sample since the kinetics for temperature increase is slower for a larger sample. A 

better comparison might have been to compare samples with a larger mass difference. 

5.1.5. Actual Heating Rate During Melting 

When a sample reaches its onset temperature (melting point), further energy input is required 

to continue the melting reaction. It means on the other hand that the actual temperature 

increase deviates from the pre-set one. This results in a lower heating rate throughout the 

melting range. Figure 5.8 illustrates the DSC output of pure aluminium between 600°C and 

700°C having a pre-set heating rate of 20°C/min. Starting temperature was 25°C. Number 1-4 

in the figure represent temperature increase respectively before melting, during melting, 

during return to baseline and after melting. As can be observed, the heating rate decreases 

from 20°C/min before melting to 11°C/min during melting. Heating rate increases to 

28°C/min when the melting process is completed until the sample temperature reaches the 

pre-set temperature profile again (20°C/min). 

 

 
Figure 5.8: Heating rate follows the temperature program until melting starts. Number 1-4 represents heating 

rate before melting, during melting, during return to baseline and after melting. 

 

Figure 5.9 shows extrapolation of onset temperatures and peak temperatures for programmed 

heating rate and actual heating rate. Lines named “Mod” refer to actual heating rate. Values 

are given in Table 5.4. 

1. 20°C/min 

2. 11°C/min 

3. 28°C/min  

4. 20°C/min 

3. 
2. 

1. 

4. 
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Figure 5.9: Extrapolation of onset and peak temperature as function of programmed heating rate and actual 

heating rate. 

 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) Actual Heating Rate (°C/min) Onset T (°C) Peak T (°C) 

20 661 672 11 661 672 

15 660 671 8 660 671 

5 660 664 3 660 664 

0 660 662 0 660 662 

 

Table 5.4: Programmed heating rate and actual heating rate values for pure aluminium. 

 

Results show that the lines coincide for zero heating rates. It means that it is acceptable to use 

programmed heating rate for solidus and liquidus analysis of pure aluminium.  

 

The same experiment was performed on an actual alloy, Alloy A in order to confirm this 

conclusion for aluminium alloys. Figure 5.10 illustrates its DSC trace. The behavior is similar 

to pure aluminum i.e. temperature increase follows the temperature program until melting 

starts. The heating rate decrease and is actually 15°C/min throughout the melting range. 

Heating rate from peak to offset i.e. the process representing return to surrounding’s 

temperature after melting is 44°C/min. Figure 5.11 shows extrapolation of Alloy A and Table 

5.5 the measured values for each heating rate. 

 

Thus, the heating rate within melting range and from peak temperature to offset temperature 

is faster for Alloy A compared to pure aluminium. It is due to larger melting range for alloys. 

Alloy A has a melting range of 40°C whilst pure aluminium has a melting range of 2°C. A 

larger melting range gives a larger heating rate difference between the pre-set heating rate and 

the actual heating rate. Furthermore, it means that alloys have a larger driving force to 

compensate the temperature difference caused by melting. This result is obvious when 

comparing respective heating rate after melting for Alloy A (44°C/min) with pure aluminium 

(28°C/min). 
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Figure 5.10: Heating rate follows the temperature program until melting starts. Number 1-4 represents heating 

rate before melting, during melting, during return to baseline and after melting. 

 

 
Figure 5.11: Extrapolation of onset and peak temperatures as function of pre-set heating rate and actual heating 

rate. 

 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) Actual Heating Rate (°C/min) Onset T (°C) Peak T (°C) 

20 612 648 15 612 648 

15 611 647 12 611 647 

10 608 648 9 608 648 

5 608 647 5 608 647 

2 606 646 2 606 646 

0 605 645 0 605 645 

 

Table 5.5: Programmed heating rate and actual heating rate values for Alloy A. 

 

1. 20°C/min 

2. 15°C/min 

3. 44°C/min 

4. 20°C/min 

 
3. 

2. 

1. 

4. 
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Results from Alloy A have the same outcome as pure aluminium. Further analyses are 

therefore performed with programmed heating rate. 

5.2 Melting Range 

The melting range was studied for both bulk and fin materials. Following figures show 

measurements performed at temperatures between 25°C-700°C with a heating rate of 

20°C/min. All figures are defined in a way that endothermic reactions occur in positive 

ordinate direction while exothermic reactions occur in negative ordinate direction. Melting 

range curves have been baseline subtracted.  

5.2.1. Bulk Materials 

Figure 5.12 shows melting range outputs for the four bulk alloys. All figures show values 

between 400°C-700°C. Corresponding phase diagrams calculated from Thermo-Calc are 

shown on following page in Figure 5.13. 

 

Important data regarding melting range determination are given in Table 5.6 where three sets 

of information are presented: 

 

1. Onset and peak temperatures for 20°C/min heating rate 

2. Extrapolated solidus and liquidus temperatures for 0°C/min heating rate 

3. Calculated solidus and liquidus temperatures with Thermo-Calc 

 

A first look at the pictures indicates that Alloy B and Alloy C are two similar materials which 

agree with expectation since both have magnesium and silicon as main alloying elements. 

These materials are different compared to Alloy A and Alloy D which have zinc and 

manganese as main constituents respectively. Different chemical composition results in 

different melting behaviour. This is the reason why their DSC outputs are different. 
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a) b) 

   

c) d) 

  
 

Figure 5.12: Melting range traces of invesigated bulk materials: a) Alloy A, b) Alloy B, c) Alloy C, d) Alloy D. 

 

Alloy Heating Rate (°C/min) Onset T (°C) Peak T (°C) T-C: Onset T (°C) T-C: Peak T (°C) 

Alloy A 20 612 648   

 0 605 645 625 658 

Alloy B 20 598 644   

 0 586 644 544 649 

Alloy C 20 598 648   

 0 587 648 587 648 

Alloy D 20 641 652   

 0 638 651 623 650 

 

Table 5.6: Onset and peak temperatures for all the bulk materials. Listed data represent measured values with a 

heating rate of 20°C/min and extrapolated values at 0°C/min heating rate. Corresponding values in Themo-Calc 

are also given. 

Al13Fe4 

AlFeSi [α] 

AlFeSi: [β→α] 

Multiple reactions 
affecting the slope 

AlFeSi: [β→α] 

 

Multiple reactions 
affecting the slope 



Master of Science Thesis 

MH200X 

55 

a) b) 

  

c) d) 

  

 

Figure 5.13: Corresponding phase diagrams for each alloy. They show expected phases in the temperature 

interval of 0°C-700°C. The phases are calculated with Thermo-Calc using the COST database.  

 

 

 

 

 

 

 

 

Alloy A Alloy B 

Alloy C Alloy D 
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Alloy A shows a melting endotherm in the range of 612°C-670°C and a peak temperature of 

648°C (Figure 5.12 a)). There are also two minor endothermic peaks present in the melting 

range, these are marked in the figure. Thermo-Calc phase diagram a) suggests that the lower 

peak in the melting range is caused by dissolution of AlFeSi (α). The upper peak should in 

turn represent dissolution of the Al13Fe4 phase. This interpretation is uncertain since it is not 

verified if these phases actually exist. 

 

The actual melting range of Alloy A was determined by solidus and liquidus extrapolation 

since the actual temperatures are valid for zero heating rate. The solidus temperature is when 

there is 100% solid phase, liquidus represents 100% liquid phase. The melting range was 

determined to occur between 605°C-645°C. Calculated solidus and liquidus temperature with 

Thermo-Calc are 625°C and 658°C respectively. In this case, Thermo-Calc values are higher 

than the extrapolated ones. Same approach is applied on all bulk materials. 

 

The DSC trace of Alloy B shows a melting range between 598°C-644°C for 20°C/min heating 

rate. Although, the actual melting range is determined to last from 586°C-644°C. Calculated 

values with Thermo-Calc is 544°C and 649°C respectively. The liquidus temperature is 

slightly higher than the extrapolated one but the solidus temperature is actually 42°C lower. 

On the other hand, the liquid phase never disappear to 100% when calculating phase diagram 

b). The solidus temperature was selected as the temperature with the highest fraction of solid 

phase. This may explain the difference between measured value and calculated value. How 

big impact it has on the difference is difficult to tell but Alloy B is a similar material to Alloy 

C, and Alloy C shows perfect agreement between measured value and calculated Thermo-

Calc value. Expectation is therefore that the solidus temperature of Alloy B should be close to 

that of Alloy C which is 587°C for both zero heating rate extrapolation and Thermo-Calc. 

 

Figure 5.12 c) shows a melting range of Alloy C between 598°C and 648°C. As mentioned 

above, the extrapolated values for zero heating rate complies to 100% with calculated 

Thermo-Calc values. Solidus and liquidus temperatures are 587°C and 648°C.  

 

Alloy B and Alloy C have two other significant characteristics; a slope of the DSC trace 

between onset and peak temperature and a minor endothermic reaction just before the melting 

range. The slope is caused by multiple reactions occuring simultaneously to melting of the 

aluminium matrix. Moreover, phase diagram c) and d) suggests that the minor endothermic 

reaction before the meling range is represented by phase transformation of AlFeSi [β] into 

AlFeSi [α]. The output is smaller for Alloy C compared to Alloy B which may be explained 

by a lower silicon content. 

 

Alloy D shows a melting interval between 641°C-652°C for 20°C/min heating rate. Zero 

heating rate extrapolation results in a melting range varying between 638°C and 651°C. 

Calculated solidus and liquidus values with Thermo-Calc are 623°C and 650°C respectively. 

A comparison between extrapolated values with calculated values show that the liquidus 

temperature is nearly the same whilst the solidus temperature is 15°C lower for Thermo-Calc.  

 

Moreover, the DSC output of Alloy D has a much more simple appearance than previous 

alloys. There is no minor peak before the melting range for this alloy meaning that the 

specific phase is not present or not detected by the DSC instrument. It is probably explained 

by further decrease in silicon concentration along with a high manganese content. The 
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presence of manganese and silicon in the same material results in formation of AlMnSi 

phases. It decreases the probability of AlFeSi transformation. Factors influencing on 

distribution of silicon among phases are driving force, mutual affinity between elements and 

diffusion in aluminium matrix. In conclusion, it is a very complex phenomena. 

 

Alloy D has another feature, it has a cropped peak. It is caused by heat flow exceeding the 

DSC maximum power limit which is approximately 200 mW between 600°C and 700°C. The 

peak temperature is then chosen to represent the value at the center of the cropped peak. For a 

more accurate measurement a lower sample weight is necessary. 

 

A DSC melting range compilation is given in Figure 5.14. It clearly shows that Alloy D has a 

larger but more narrow heat flow output compared to the other alloys, which have similar 

curves. The reason may be larger phase fraction of minor phases that melts simultaneously to 

aluminium melting. Melting range extrapolation figures are available in appendix if more 

information is needed. 

 

 
Figure 5.14: The complete interval for all the alloys plotted against each other. It is clear that Alloy D has the 

latest onset, offset and peak temperature. 

5.2.2. SEM Investigation of Alloy A 

A SEM investigation was performed in order to analyze agreement with predicted phases 

from Thermo-Calc. Figure 5.15 shows the microstructure of Alloy A sample before it is 

subjected to DSC heat treatment whilst Figure 5.16 shows the structure after DSC treatment. 

 

The first SEM figure shows that there are three main phases, all including aluminium and 

nickel. Spectrum 1-5 represents Al3Ni(Fe) which is basically an Al3Ni phase that dissolves 

intermediate levels of iron without changing its structure. Al3Ni is represented by spectrum 6, 

7 and 8. Characteristics are zero iron content and a white dot-like appearance. The third phase 

is Al9FeNi (spectrum 9-14). It has high iron levels, in this case up to 4.5 atomic-%.  

 

The second SEM figure shows that there are only two phases present after DSC heat 

treatment. Present phases are Al3Ni(Fe) and Al9FeNi i.e. the white dot-like Al3Ni phase is 

Cropped peak 
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now absent. It is therefore suggested that these are the phases resulting in the two peaks 

displayed in Figure 5.12 a). Al9FeNi has a higher concentration of iron than Al3Ni(Fe) does. 

Since iron has a higher melting point temperature than nickel, it is suggested that the first 

peak represents Al3Ni(Fe) dissolution and the second peak Al9FeNi dissolution. Moreover, it 

seems like Thermo-Calc databases needs refinement regarding AlNi phases. 

 

 

Spectrum Al Si Fe Ni Zn Phase 

1 Bal. 0.3 0.5 12.8 0.4 Al3Ni(Fe) 

2 Bal. 0.2 0.5 10.8 0.5 Al3Ni(Fe) 

3 Bal. 0.5 0.4 11.5 0.5 Al3Ni(Fe) 

4 Bal. 0.4 0.4 11.3 0.5 Al3Ni(Fe) 

5 Bal. 0.3 0.4 14.0 0.5 Al3Ni(Fe) 

6 Bal. 0.3 0.0 16.7 0.4 Al3Ni 

7 Bal. 0.2 0.0 18.4 0.4 Al3Ni 

8 Bal. 0.2 0.1 18.9 0.3 Al3Ni 

9 Bal. 0.9 3.6 8.0 0.5 Al9FeNi 

11 Bal. 1.0 4.5 11.0 0.6 Al9FeNi 

12 Bal. 0.6 3.8 9.3 0.7 Al9FeNi 

13 Bal. 0.7 3.1 10.7 0.8 Al9FeNi 

14 Bal. 0.7 2.9 8.7 0.8 Al9FeNi 
 

 

Figure 5.15: SEM analysis of hot rolled Alloy A. Concentrations are given in atomic-%. It is clear that there are 

three main phases i.e. Al3Ni(Fe), Al3Ni and Al9FeNi. 

 

 

Spectrum Al Si Fe Ni Zn Phase 

1 Bal. 1.5 1.0 14.5 1.3 Al9FeNi 

2 Bal. 0.6 2.9 8.8 0.7 Al9FeNi 

3 Bal. 0.2 1.0 13.0 1.0 Al9FeNi 

4 Bal. 0.5 0.2 10.8 1.0 Al3Ni(Fe) 

5 Bal. 0.6 0.3 14.8 1.4 Al3Ni(Fe) 

6 Bal. 0.4 2.5 10.5 0.6 Al9FeNi 

       

       

       

       

       

       
 

 

Figure 5.16: SEM analysis of Alloy A after DSC heat treatment. The sample was heated throughout melting 

range with 20°C/min heating rate and followed by automatic cooling in DSC. Concentrations are given in 

atomic-%. 
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5.2.3. Alloy E: Braze Clad and Bare Fin Materials 

The melting range of braze clad fins and bare Alloy E tempers were investigated. All 

materials were analyzed with heating rates of 5°C/min, 10°C/min and 15°C/min. Table 5.7 

provides thickness information for each temper: 

 

Temper Thickness 

O(L) 100 µm 

H14SR-Bare 100 µm 

H14-Braze clad 100 µm 

H18-Braze clad 70 µm 

H24-Bare 100 µm 

H24-Braze clad 100 µm 

 

Table 5.7: Thicknesses of varying Alloy E tempered samples. Sample H18 deviates with a thickness of 70 µm. 

 

There are six different Alloy E tempers that have been examined. Table 5.8 shows a 

compilation of zero heating rate extrapolation data. It means that solidus and liquidus 

temperatures were determined. More extrapolation figures and data are available in appendix. 

 

Material Core Clad 

Alloy E Solidus (°C) Liquidus T (°C) Solidus (°C) Liquidus (°C) 

H14SR Braze Clad 592 639 573 575 

H18 Braze Clad 592 644 572 574 

H24 Braze Clad 600 641 573 575 

O(L) Braze Clad 594 641 572 575 

H14SR Bare Fin 627 649 - - 

H24 Bare Fin 630 648 - - 

  

Table 5.8: Melting range compilation of Alloy E braze clad fin and bare fin material. The solidus temperature 

(core) of bare fin materials are approximately 30°C-40°C higher than for braze clad materials. 

 

Braze clad materials consists of three layers: braze alloy, core alloy and braze alloy, where 

each outer layer is 10 µm thick (Figure 5.17). Bare fin materials do not have these layers. 

 

 

 

Figure 5.17: Cross section of H14SR braze clad fin material before heat treatment 
[13]

. 

10 µm: Braze alloy 

80 µm: Core alloy 

10 µm: Braze alloy 

High Si concentration 

Low Si concentration 

 

High Si concentration 

 Si diffusion from braze alloy into core 

Si diffusion from braze alloy into core 
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a) b) 

  

c) d) 

  

e) f) 

  

 

Figure 5.18: Melting range investigation of Alloy E fin materials, a-d: different braze clad tempers, e-f: H14SR 

and H24 bare fin tempers. The DSC outputs cover temperatures between 500°C-700°C. 
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Figure 5.18 shows the melting range for all fin materials, picture a-d represents braze clad 

materials and picture e-f bare fin materials. The braze clad materials have similar 

characteristic DSC output; a minor braze alloy melting endotherm onsetting near 575°C 

followed by a major core melting endotherm. There are not two separate peaks for H14SR, 

H24 and O(L) temper. There is instead a significant slope between the peaks indicating on 

strong silicon diffusion from braze material into the core material. Influencing factor might be 

reaction kinetics at the interface between each layer. The solidus temperature of the main 

melting endotherms are therefore inaccurate for these materials. A better analysis of core 

material melting is shown in picture e) and f) representing bare fin materials with H14SR and 

H24 tempers. The outputs are similar and it seems like differing temper does not affect the 

melting characteristics. Solidus and liquidus temperatures were determined by zero heating 

rate extrapolation for both materials and it results in a melting range lasting from 

approximately 625°C to 650°C.  

 

Picture b) is representing the thinner H18 temper which is slightly different to previous 

tempers. It shows two separate peaks which are probably related to silicon diffusion. In 

addition, it is the hardest temper, subjected to the largest degree of deformation which may 

influence on diffusion kinetics. Do also notice that the braze material melting endotherm is 

smaller compared to the other braze clad tempers. It is explained by thinner braze alloy layer 

which results in faster melting of the same. The major melting endotherm has on the other 

hand a larger maximum heat flow value. The behavior seems to be related to the magnitude of 

the melting reaction. Heating rate is the controlling parameter for larger masses. Finally, 

melting of braze material occurs between 572°C and 575°C for zero heating rate. 

5.2.4. Comparison of Alloy E Braze Clad Material with Bare Fin Material 

Figure 5.19 compares the melting characteristics of Alloy E-H14SR braze material with its 

corresponding bare fin material. The figure are divided into three separate zones in order to 

clarify what happens in the material; blue zone – melting of braze clad material, green zone – 

silicon diffusion from braze material into core alloy and red zone – melting of core material. 

 

There are two main differences between braze clad and the bare fin material; maximum heat 

flow and enthalpy appearance. Maximum heat flow for bare fin materials are 12 W/g and 13 

W/g respectively whilst corresponding values for braze clad materials vary between 6.8 W/g 

to 8.4 W/g. The reason is a different Effect/Mass ratio. Bare fin materials consist of 100% 

core material whilst clad fins have less core material due to outer layer (see Figure 5.17). It 

means that more energy is needed to melt the fin sample although the sample mass is the 

same. In conclusion, a higher peak heat flow is given. 

 

Comparison of core material melting enthalpies show that bare fin melting requires much 

more energy. The reason is that braze clad material has less sample mass to melt since the 

layers of braze material have already melted. Outer layer is approximately 10 µm thick i.e. 

10% of sample mass resulting in a total mass corresponding to 20% of sample mass (one layer 

on each side of the core). It means roughly that core material melting of braze clad fins 

requires only 80% of the energy that is needed for bare fin melting. The conclusion is verified 

by comparing the melting enthalpy for Alloy E-H14SR braze clad fin with Alloy E-H14SR 

bare fin which are 351 J/g and 436 J/g respectively for 20°C/min heating rate. 351 J/g is equal 

to 80.5% of 436 J/g. The melting enthalpies are given in appendix. 
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Figure 5.19: Melting behavior of tempered Alloy E fin material. It involves three main processes i.e. clad 

melting, transition zone including silicon diffusion from braze material to core and finally core melting. 

5.2.5. Comparison of Bulk Material with Fin Material: Alloy D 

DSC outputs for 1x, 2x and 4x stacking of Alloy D sample discs are shown in Figure 5.20 

which includes the DSC trace of Alloy D bulk material. Corresponding values are given in 

Table 5.9. The melting range is the same for the stacked samples. The bulk alloy shows a 

wider melting interval. This behavior is related to sample mass difference. 

 

 
Figure 5.20: The melting range of Alloy D bare fin material and Alloy D bulk material.  

 

 

 

 

 

 

Clad Transition Core 
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 Heating Rate: 20°C/min Heating Rate: 0°C/min 

Nr. Of Stacked samples Onset T (°C) Peak T (°C) Onset T (°C) Peak T (°C) 

1x 645 656   

2x 646 656   

4x 645 655 640 653 

Bulk 641 652 638 651 

 

Table 5.9: Onset and peak temperatures for stacked bare fins and bulk Alloy D samples analysed with 20°C/min 

and extrapolated zero heating rate values. 

 

Temperature increase is more rapid for samples with lower mass than samples with larger 

mass. It means that a fin sample reaches its peak temperature faster than a bulk sample. The 

onset temperature is for the same reason slightly shifted toward higher temperature in total 

agreement with measured values. The same principle is valid for cooling. Temperature 

variation amongst the three cases is small why the method is regarded as applicable. In 

addition, the melting range of Alloy D bulk material is similar to the melting range of Alloy D 

fin material stacked with four fins. 

 

Measurements performed on 4x Alloy D samples deviates least from the zero line. The reason 

behind this phenomenon is weight difference between sample and calibrated pure aluminium 

sample. 1x corresponds to a sample weight of approximately 2.3 mg, 2x to 4.6 mg and 4x to 

9.4 mg. Pure aluminium weight at calibration was 9.7 mg i.e. almost the same weight as 4x 

samples. Following analysis on fin materials are therefore performed with 4x stacking.  

5.3 Study of Reactions Below 500°C 

Alloy B, Alloy C and Alloy D were cyclically tested for temperatures between 25°C-500°C as 

were described in Figure 4.7. All measurements regarding reactions below 500°C are 

performed with a heating rate of 20°C/min. The samples are quenched after the third and last 

cycle in the DSC. The quenching rate is approximately 240°C/s.  

 

Baseline subtraction tend to introduce artefacts. It makes it difficult to distinguish them and 

minor reactions why following figures are illustrated without baseline subtraction. 

5.3.1. Heating Curves 

Heating curves of three bulk materials are shown in Figure 5.21 a)-c). Figure 5.21 d) 

represents the heating curve of Alloy D fin material.  

 

Alloy B shows a large difference between the output from Cycle 1 to Cycle 2. However Cycle 

3 shows almost the same DSC trace as Cycle 2. In the latter curves, a peak onsets at 326°C. It 

has a peak maxima at 400°C and an offset temperature at 449°C. The onset temperature is 

close to the melting point of lead. It is known that lead and bismuth reacts with silicon 

forming very complex phases. Results therefore indicate that the detected peak represents 

melting of such phase since there are high levels of lead and bismuth in the material. The 

measurements do not give any response to tin which is likely to be fully dissolved in 

aluminium matrix. 
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Phase detection might be influenced by degree of energy absorbance. Lead has a high energy 

absorption during its ductile to brittle transition which occur near its melting point. In 

comparison to bismuth which absorps lower amount of energy after the transition 

temperature. 

 

Furthermore, it is interesting that DSC traces representing Cycle 2 and Cycle 3 overlaps with 

each other while Cycle 1 differ. The reason may be coalescence from Cycle 1 to Cycle 2. The 

effect of coalescence between Cycle 2 and Cycle 3 is significantly smaller than between 

Cycle 1 and Cycle 2 which is probably due to almost maximum coalescence effect during the 

second cycle.  

 

There is another peak for Cycle 2 and Cycle 3 which is located on the x-axis at 455°C. The 

earlier presented phase diagram regarding Alloy B (Figure 5.13 b)) suggests that it represents 

Mg2Si even though the temperature seem to be low.  

 

a) b) 

  

c) d) 

  
Figure 5.21: DSC outputs of bulk materials below 500°C: a) Alloy B, b) Alloy C, c) Alloy D bulk material and 

d) Alloy D bare fin material. 

Tm Pb Tm Bi Tm Sn Tm Pb Tm Bi Tm Sn 

Tm Pb Tm Bi Tm Sn Tm Bi Tm Pb Tm Sn 

Recrystallisation 

Mg2Si: Precipitation Mg2Si: Dissolution Mg2Si: Precipitation 

 

Mg2Si: Dissolution 



Master of Science Thesis 

MH200X 

65 

Alloy C is a similar material to Alloy B although it contains intermediate levels of bismuth 

and lead. The traces for each cycle are more consistent with each other, they look the same. 

Although there is a large shift in y-axis between Cycle 1 and Cycle 2.  

 

The first event on the DSC trace for Alloy C seem to be an exothermic reaction onsetting near 

220°C and its peak temperature is 300°C. It represents precipitation of Mg2Si in agreement 

with reference 
[42]

. This reaction appears also for Alloy B even though it is not as distinct due 

to lower magnesium concentration. In addition, Alloy C has a copper concentration of 0.40 

wt-%. Which might influence the appearance of the DSC trace. However, the lead-bismuth-

silicon signal is still present but the signal is weaker. Finally, the endothermic reaction after 

the lead-bismuth endotherm is again thought to represent dissolution of Mg2Si. 

 

Alloy B and Alloy C are two alloys with similar characteristics. Summary of the presented 

DSC study regarding their reactions below 500°C includes three main reactions: 

 

1. Precipitation of Mg2Si 

2. Dissolution of Bi-Pb 

3. Dissolution of Mg2Si 

 

Alloy D shows a more compact trace. As can be observed from its figure, the lead-bismuth 

peak is now absent. It is explained by decreased bismuth content and very low lead content. 

The low concentrations makes it difficult for the DSC instrument to detect the reaction. The 

DSC equipment is conclusively not sensitive enough to detect phases at approximately a 260 

ppm limit level. 

 

Alloy D is also analyzed as a H14 bare fin material (picture d)). Its DSC output results in no 

lead-bismuth endotherm, just like the bulk material. Moreover, the material is taken from the 

thermo-mechanical processing route after cold rolling. The exothermic reaction onsetting near 

350°C represents recrystallisation.  

5.3.2. Bismuth and Lead Coalescence in Alloy D 

Performed DSC analysis of Alloy D indicates coalescence of complex bismuth-lead phase as 

a result of cyclic heat treatment. Figure 5.22 shows SEM images which confirm the analysis. 

1CQ refers to quenching after one cycle, 2CQ refers to quenching after two cycles and 3CQ 

refers to quenching after three cycles. The white bismuth-lead particles grow after each cycle. 

The size seems bigger in samples heat treated with 20°C/min heating rate in comparison to 

10°C/min i.e. increased heating rate increases the coalescence effect. 
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10°C/min 

→ 

1CQ 2CQ 3CQ 

20°C/min 

→ 

1CQ 2CQ 3CQ 

Figure 5.22: SEM images of Alloy D after DSC analysis. Bismuth-lead phase has white particle characteristics. 

Coalescence of trace elements increases with increased heating rate and number of cycles. 

5.3.3. Analysis of Alloy E Tempers 

Alloy E with different tempers is investigated at temperatures below 500°C. In comparison to 

bulk materials, quenching is performed after the second cycle. The reason is that the 

investigated phenomenon for Alloy E is recrystallisation. Their DSC outputs are shown in 

Figure 5.23 a)-f). The figure shows that temper H18 and H24 recrystallise, including both 

braze clad material and bare fin material. The DSC output for H14 tempers do not result in a 

recrystallisation exotherm even though a first expectation might be that this temper should. 

However, according to previous work 
[13]

, the recrystallization process of this temper occurs 

between 300°C and 550°C. In conclusion, a small reaction occurring across a large 

temperature range does not result in a recrystallisation exotherm.  

 

Temper O(L) should not recrystallise since it is fully recrystallised before the DSC heat 

treatment which its figure confirms. A similarity for all the tempers that do recrystallise is that 

they do so on the first cycle and not partially on the second cycle i.e. 100% recrystallisation 

on Cycle 1. Recrystallisation data (zero heating rate) are given in Table 5.10. Values for other 

heating rates and corresponding extrapolation figures are given in appendix.  

 

Alloy E Temper Onset T (°C) Peak T (°C) 

H18 Braze Clad 323 328 

H24 Braze Clad 313 318 

H24 Bare Fin 314 320 

 

Table 5.10: Onset and peak temperatures for recrytallisation of Alloy E tempers. 
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a) b) 

  

c) d) 

  

e) f) 

 
 

Figure 5.23: DSC measurements below 500°C of Alloy E tempers: a) H14SR braze clad, b) H14SR bare fin, c) 

H18 braze clad, d) O(L) braze clad, e) H24 braze clad and f) H24 bare fin. 

Recrystallisation 

Recrystallisation Recrystallisation 
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Further analysis shows that H18 and H24 tempers fully recrystallise within a range of 

maximum 6°C for zero heating rate. The H24 tempers do also indicate that recrystallisation is 

not influenced on whether it is a braze clad material or a bare fin material. 

 

Figure 5.24 shows a compilation of the materials that do recrystallise. The figure illustrates 

that the recrystallisation temperatures are quite similar for the three materials. A contradicting 

result is that temper H18 seems to recrystallise at slightly higher temperatures in comparison 

to H24 tempers. This is unexpected since H18 is the temper that represents the largest cold 

deformation i.e. it has the largest driving force for so called sub-grain growth. It means that 

less energy input is needed to activate the recrystallisation process in comparison to H14 and 

H24 tempers. However, remember that the H18 samples are 70 µm thick whilst the other are 

100 µm thick. It may influence on the phenomena if sample mass difference is a more 

influencing parameter than cold deformation. A better analysis would be to compare 100 µm 

thick H18 samples with 100 µm thick H24 samples. 

 

 
Figure 5.24: Compilation of Alloy E tempers that show recrystallisation due to heat treatment in DSC. 

5.3.4. Cooling Curves 

This section provides information regarding bulk materials when they are exposed to cooling. 

Figure 5.25 shows the cooling curves of Alloy B, Alloy C and Alloy D. Since quenching was 

performed after the third cycle, there are only two cooling curves in each figure. 

 

The cooling curves of Alloy B and Alloy C show a distinct exothermic peak in respective 

figure. These reactions represent precipitation of lead-bismuth phase which also was detected 

in corresponding heating figures. The exotherm onsets at 354°C and has a peak temperature 

of 324°C for Alloy B. The same exotherm in Alloy C shows a wider lead-bismuth peak. 

Corresponding temperatures are 340°C (onset) and 305°C (peak). 

 

The DSC trace for Alloy D is analogue with its heating curve since it shows an absence of the 

complex lead-bismuth phase. Ideal result would be to detect it in both heating and cooling 

curves. 
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a) b) 

  

c)  

 

 

 

Figure 5.25: Cooling curves of a) Alloy B, b) Alloy C and c) Alloy D. Alloy B and Alloy C shows an 

exothermic lead-bismuth reaction whilst Alloy D does not.  

5.4 Solid-Solubility of Tin, Bismuth and Lead in Alloy C and 
Alloy D 

5.4.1. Sample Exposure in Furnace 

Alloy C and Alloy D samples were heat treated in furnace before solid-solubility analysis 

with LA-ICP-MS technique. Figure 5.26 shows the appearance of Alloy C and Alloy D after 

heat treatment in furnace at three different temperatures for seven hours followed by water 

quenching. The samples were heat treated at 400°C, 500°C and 625°C. 

 

There is a clear color shift in Alloy C with increasing heat treatment temperature in contrast to 

Alloy D which does not seem to be affected at all. It indicates that Alloy D has superior high 

temperature properties. 

Tm Bi Tm Pb Tm Sn Tm Bi Tm Pb Tm Sn 

Tm Bi Tm Pb Tm Sn 
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The image representing Alloy C heat treated at 625°C seems to visualise an accumulation of 

some material including silver-coloured particles at the top of the sample. It would have been 

interesting to further investigate the composition of the accumulated material. Previous results 

indicate exudation of trace elements toward sample surface. A possible interpretation is that 

the accumulated material consists of a large fraction of bismuth and lead. 

 

   
Alloy C: 7 hours at 400°C Alloy C: 7 hours at  500°C Alloy C: 7 hours at 625°C 

   
Alloy D: 7 hours at 400°C Alloy D: 7 hours at 500°C Alloy D: 7 hours at 625°C 

 

Figure 5.26: Appearance of heat treated Alloy C and Alloy D samples after heat treatment followed by 

quenching in water.  

5.4.2. Calculation of Solid-Solubility 

Following assumptions were made in order to enable solid-solubility calculation of low-

melting-point elements: 

 

 Average intensity represents the concentration of low-melting-point element evenly 

distributed in the aluminium alloy. 

 Average minimum intensity represents the concentration of low-melting-point element 

in solid solution. 

 

If original concentration of each constituent is known, it is possible to calculate the 

concentration in each phase according to the relationship given in Figure 5.27. The average 

intensity is a value directly calculated from Excel whilst the average minimum intensity is 

roughly read from the PlasmaLab software. 
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Figure 5.27: Calculation of solid solubility of tin, bismuth and lead in Alloy C and Alloy D through intensity 

analysis. 

 

Table 5.11 shows the amounts of bismuth and lead. The tin concentrations were calculated 

from the bismuth and lead amounts. 

 

Alloy Tin Concentration (ppm) Bismuth Concentration (ppm) Lead Concentration (ppm) 

Alloy C 8  370 ppm 260 ppm 

Alloy D 2 170 ppm 6 ppm 

 

Table 5.11: Nominal tin, bismuth and lead concentration in Alloy C and Alloy D according to wet chemical 

analysis. 

 

Solid solubility is thereafter calculated according to the formula in Figure 5.27. These values 

are given in the blue part of Table 5.12. The grey part of the table shows corresponding values 

calculated with Thermo-Calc using the SSOL2 database. 

 

 

Calculated Concentration with  

LA-ICP-MS (ppm) 

Calculated Concentration with  

Thermo-Calc (ppm) 

Sample Tin Bismuth Lead Tin Bismuth Lead 

Alloy C at 400°C 1 19 18 6 199 0 

Alloy C at 500°C 1 20 19 8 377 1 

Alloy C at 625°C 2 22 20 0 148 1 

Alloy D at 400°C 1 10 2 2 186 0 

Alloy D at 500°C 1 14 2 2 179 1 

Alloy D at 625°C 1 19 2 2 174 5 

 

Table 5.12: Calculated solid solubility values of bismuth and lead in Alloy C and Alloy D. 

 

The given solid-solubility values in Table 5.12 representing the two techniques were 

analysed. The analysis shows that there is a: 

 

 Large difference in bismuth solubility for all materials 
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 Large difference in lead solubility for Alloy C 

 Zero tin concentration in Alloy C at 625°C 

 Better agreement of solid solubilities for lower alloying concentrations 

 

The disagreement between the two sets of solubility values regarding bismuth highlights the 

fact that there is no accurate data in Thermo-Calc database. Thermo-Calc values are 

experimentally obtained at higher temperatures and then extrapolated towards lower 

temperatures. The obtained values with the LA-ICP-MS technique will also be improved 

when more accurate analyses are available. It is not acceptable to have a difference in this 

magnitude. This is on the other hand the first attempt to perform such analysis why it is likely 

that the technique will improve rapidly coming years. 

 

Further analysis of calculated values based on LA-ICP-MS indicates a maximum solubility of 

both bismuth and lead near 20 ppm in Alloy C. The maximum bismuth solid-solubility seems 

to be 19 ppm in Alloy D. 

 

Tin solid-solubility values are close to each other for both materials. However, a value 

between 1-5 ppm lies well within the margin of error why those values are very difficult to 

compare and separate. 

 

Melting for Alloy C occurs between 587°C and 648°C. It means that heat treatment at 625°C 

refers to a temperature where melting of the alloy has begun. Thermo-Calc results state zero 

tin concentration in solid solution for Alloy C heat treated at 625°C. It means that tin is 

present in liquid phase, not in solid phase. 

5.5 Tin, Bismuth and Lead Mapping of Alloy C and Alloy D 
Distribution analysis of tin, bismuth and lead in Alloy C and Alloy D before and after furnace 

heat treatment is shown in Figure 5.28-Figure 5.31. It is evident that the size of the peaks and 

the number of peaks decrease with increasing heat treatment temperature. It is an expected 

result which indicates that concentration of low-melting-point elements in solid solution 

increase as a function of temperature.  

 

Comparison of the elements against each other shows that there is a higher concentration of 

bismuth than lead and tin in the material but also that there is more lead than tin in the 

material. It complies with alloying concentrations. Bismuth and lead pictures are shown with 

a y-axis of 4*10
7
 icps. Tin pictures are shown with two sets of y-axis, 4*10

7
 icps and 4*10

5
 

icps in order to enable distribution analysis of the element.  

 

A closer look at the bismuth pictures for both materials indicates that the largest peaks are 

present near the surface of the sample. It can be observed in the pictures as distinct peaks in 

the most nearest part of the mapping figures or in the most distant part of the figures. It is 

especially obvious for samples heat treated at 625°C. This interpretation indicates on bismuth 

exudation through the material towards the surface during heat treatment. There are not as 

distinct indications for lead and tin. 
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 Bismuth Mapping Lead Mapping 

Alloy C 

 

No heat 

treatment 

  

Alloy C 

 

7 hours at 

400°C-WQ 

  

Alloy C 

 

7 hours at 

500°C-WQ 

  

Alloy C 

 

7 hours at 

625°C-WQ 

  

 

Figure 5.28: Bismuth and lead distribution analysis in Alloy C. Increased heat treatment temperature results in a 

higher concentration of bismuth and lead in solid solution. 
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 Tin Mapping Tin Mapping 

Alloy C 
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Alloy C 
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7 hours at 
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Figure 5.29: Tin distribution analysis in Alloy C. Left column shows pictures with a y-axis of 4*10
7
 whilst right 

column pictures have a y-axis of 4*10
5
. 
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 Bismuth Lead 
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Alloy D 
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500°C-WQ 
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Figure 5.30: Bismuth and lead distribution analysis in Alloy D. Increased heat treatment temperature results in a 

higher concentration of bismuth and lead in solid solution. 
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Alloy D 

 

7 hours at 

625°C-WQ 

  

 

Figure 5.31: Tin distribution analysis in Alloy D. Left column shows pictures with a y-axis of 4*10
7
 whilst right 

column pictures have a y-axis of 4*10
5
. 
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5.5.1. SEM Analysis of Alloy C and Alloy D After Furnace Heat Treatment 

Corresponding SEM images to previous mapping figures are shown in Figure 5.32 and Figure 

5.33.  

 

Alloy D shows a very different microstructure in comparison to Alloy C, referring to the 

characteristic china script phase representing AlMnSi [α]. However, notice that the phase is 

missing for Alloy D heat treated at 625°C. The reason is the high temperature leading to 

dissolution of the phase which actually occurs near 625°C. This phase is totally absent in 

Alloy C due to very low manganese content.  

 

A general overview states that there are white particles (low-melting-point elements) mostly 

at grain boundaries but also inside grains.  

 

Further investigation of particle behaviour indicates that they attract or react with pores (black 

spots) and other phases (grey). This can be observed in right column figures for Alloy D heat 

treated at 400°C and 500°C. 

 

The number of particles in samples heat treated at 400°C seems to be approximately the same 

as the number of particles in samples heat treated at 500°C. There should be fewer particles 

for samples heat treated at 500°C due to a higher solid-solubility. However, the particles seem 

to be slightly larger in samples heat treated at 500°C which indicates on a coalescence effect. 

Pictures representing samples heat treated at 625°C do on the other hand not support this 

theory, unless almost all the particles are present in solid solution. An important factor to 

consider is particle exudation toward sample surface due to the high heat treatment 

temperature. This process may be diffusion controlled and the effect is likely to increase with 

increased temperature. It may explain why there are fewer particles at 625°C. 
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Figure 5.32: SEM images of Alloy C after heat treatment in tube furnace for 7 hours at three different 

temperatures with subsequent quenching in water. 
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Figure 5.33: SEM images of Alloy D after heat treatment in tube furnace for 7 hours at three different 

temperatures with subsequent quenching in water. 
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6. Discussion 

6.1 The Experimental Methods 

6.1.1. DSC 

The developed DSC technique for analysis of aluminium and especially fin materials is very 

useful for examining melting range and minor phase transformations like recrystallisation. A 

very useful property of the instrument is that it is possible to apply any linear temperature 

program that is interesting to analyse. It includes heating rate, insert temperature, final 

temperature, isothermal heat treatment and cyclic measurements. Another positive feature is 

that it is possible to analyse any kind of aluminium alloy. However, upper size limit is around 

30 mg. 

 

Furthermore, the accuracy of the results is very high which allows precise analysis 

independent of other interfering factors. There are however some limitations of the technique 

which are discussed below. It was not possible to detect melting or solidification of tin or 

bismuth-lead phase in Alloy D. The reason is that the equipment is not sensitive enough for 

small concentrations of about 250 ppm. DSC limitation according to manufacturer 
[43]

 for 

phase transformation detection of the instrument is 10 µg. It corresponds to around 330 ppm 

of 30 mg bulk samples. In addition, alumina crucibles are used throughout the project and 

alumina has poor heat conductivity which may have a negative influence on the ability to 

detect weak signals. It is reasonable to think that analysis of Alloy D and its reactions below 

500°C could be improved if another crucible material is used; platinum (Pt) may be an option. 

On the other hand platinum may react with alumina making the results less reliable. Platinum 

crucibles are not recommended for melting range analysis. 

6.1.2. LA-ICP-MS 

Trace element analysis with LA-ICP-MS technique is a very interesting field. LA-ICP-MS 

has been used in this work to determine concentration of tin, bismuth and lead in two 

aluminium alloys but also to investigate their distribution in a cross-section representing 

different sample depths. This technique is gaining interest from industry since ppb level 

analysis is possible. It is likely that future project regarding material properties on micro level 

will include LA-ICP-MS investigations. For instance, it is likely that the technique will be 

used to experimentally analyse unverified binary phase diagrams like Al-Bi, Al-Pb and Al-Sn 

phase diagrams. 

 

There are some limitations of the technique which are discussed below. It is not specified how 

deep the laser ablation penetrates the sample. Penetration depth has to be determined in order 

to perform accurate analyses. It is critical when comparing particle distribution at surface 

against particle distribution at core. Confocal microscopy might be an alternative for that 

purpose. It is a relatively small part of the spot size that analyses the sample. It means that a 

large fraction is not actually analysed which may affect the analysis. A larger fraction of 

analysed sample would result in more accurate results. In addition, it is difficult to separate 

analysis of trace element particles and analysis of complex phases containing any of these 

elements.  
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Since average minimum intensity is manually read, there is a significant margin of error 

regarding the results. It is important to develop a more reproducible procedure for analysis of 

this value. Numerical modelling and implementation with the PlasmaLab software might be 

the optimum outcome. There should always be a standardised procedure for best analysis and 

comparison with future work.  

6.2 Comparison of Experimental Data with Literature Review 

6.2.1. General Interpretation 

Initial testing of DSC parameters was performed in order to confirm that these parameters 

react as expected from literature survey. Changing heating rate shifted the values as expected. 

Reproducibility is very high and effect of sample mass very small. 

 

Pure aluminium was investigated to analyse the zero heating rate extrapolation method, based 

on the fact that aluminium, as other pure elements, should not have a temperature melting 

range. Results show that the thought was correct but that we actually obtained a melting range 

although it was very narrow.  

6.3 DSC Testing 
Some results from DSC measurements are worth extra attention. They are discussed in 

following paragraphs. 

6.3.1. Actual Heating Rate 

Actual heating rate during melting was analysed. Literature states that the sample material 

gets a lower temperature in comparison to the reference material when a reaction initiates. It 

means that heat flow contributes to melting of sample instead of increasing the temperature of 

the sample. The actual heating rate is therefore slower than the pre-set one within the melting 

range. As a result, heating rate increases again after melting is completed. It can be observed 

in a DSC melting endotherm as acceleration from peak temperature toward offset 

temperature. When the sample temperature reaches the same temperature as the reference 

material according to the program, the acceleration stagnates. 

 

The results showed that zero heating rate extrapolation for solidus and liquidus determination 

turned out to be exactly the same for pre-set heating rates and actual heating rates. It is 

therefore acceptable to use results with the pre-set heating rate, for the extrapolation.  

6.3.2. Melting Range 

The melting range of four bulk materials was determined; in addition Alloy D was also 

examined as a fin material. Comparison between extrapolated melting range and calculated 

melting range in Thermo-Calc differs. There is not a distinct trend of how the values differ, 

they seem to do so in both directions. It is expected that Thermo-Calc should show higher 

solidus and liquidus temperatures due to equilibrium calculations. Thermo-Calc values are 

higher for Alloy A. The solidus temperature is higher in Thermo-Calc for Alloy B but the 

liquidus temperature lower. Alloy C shows perfect agreement between DSC measurements 

and Thermo-Calc values. Alloy D shows a lower extrapolated solidus value in comparison to 

Thermo-Calc calculation but more or less the same liquidus temperature. 
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One result to put extra focus on is the solidus temperature of Alloy B. Alloy C and Alloy B 

are two similar materials which are shown by their DSC outputs. Moreover their DSC melting 

characteristics differ in solidus temperature with 1°C and in peak temperature with 4°C. 

Calculated solidus temperature for Alloy B with Thermo-Calc is 544°C and for Alloy C it is 

587°C i.e. 43°C difference which is difficult to explain. It may be so that Thermo-Calc 

database needs refinement. Respective peak temperature is 649°C and 648°C. 

 

Melting endotherm of Alloy D shows a cropped peak. As was mentioned previously, it means 

exceeding the DSC instruments’ power limit which is approximately 200 mW throughout the 

melting range. The reason is that the material requires more energy for melting in comparison 

to the other materials. Contributing factor is the large sample mass. In this aspect, it is 

recommended to analyse smaller samples. On the drawback side it is more difficult to deal 

with smaller samples at sample preparation. Especially, surface grinding for optimum heat 

transfer is hazardous. Another drawback is that the chance for phase detection of trace 

elements decreases with decreased sample amount. 

 

Minor phase transitions were observed for Alloy A, Alloy B and Alloy C either within the 

melting range or before melting. Alloy A shows two transitions within its melting range. 

Thermo-Calc indicates that they should represent Al13Fe4 and AlFeSi [α] respectively. None 

of them are confirmed by SEM analysis. Instead SEM analysis indicates that these two peaks 

are probably due to melting of Al3Ni(Fe) and Al9Ni. The material contains 1 wt-% nickel why 

it is reasonable to suspect that at least one of the endotherms represent AlNi or AlNiFe 

dissolution.  

 

Both Alloy B and Alloy C have a minor endotherm just before their melting range. The 

endotherm is more distinct for Alloy B which is thought to arise from higher silicon content. 

The endotherm is interpreted to represent an AlFeSi [β→α] phase transformation, assuming 

that there is AlFeSi [β] in the first case. 

 

Alloy D do not show such a melting endotherm before melting range due to very low silicon 

content and increased manganese content. It means that most of the silicon reacts with 

manganese forming phases that melt at higher temperatures. 

 

Obtained DSC results seem to have lacking agreement with Thermo-Calc regarding several 

reactions. Therefore, complementary work is recommended in order to update databases. It 

would give more precise calculations. For instance, no nickel phases are available for Alloy A 

why its phase diagram is misleading. 

6.3.3. Reactions Below 500°C 

It was possible to detect melting of complex bismuth-lead particles in Alloy B and Alloy C. 

Onset temperature seems to be near melting point of lead i.e. 327°C. It indicates that bismuth 

is the element that shows least solubility in aluminium in comparison to lead. The result in 

this work is important for aluminium heat exchanger production. More knowledge in low-

melting-point behaviour can improve properties resulting in better products with longer life 

time.  
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Recrystallisation of Alloy E tempers was examined in order to illustrate the versatility of the 

DSC instrument. Hopefully, it will lead to further investigations of other materials regarding 

recrystallisation temperature and kinetics, including aluminium, copper and brass. 

6.4 Mapping of Low-Melting-Point Elements with LA-ICP-MS 
Mapping of low-melting-point elements is a perfect way to illustrate their distribution in the 

structure. It gives a visual understanding which is quick and easy to interpret in comparison to 

for instance only analysing intensity values. One of the purposes with using LA-ICP-MS in 

this work is precisely to illustrate the instruments’ potential. As in most investigations, it is 

recommended to use several analytical methods for better understanding. By using DSC, 

SEM, Thermo-Calc and LA-ICP-MS technique more information is retrieved.  

 

One of the most important indications in this work is bismuth exudation in both Alloy C and 

Alloy D. The behaviour affects material properties in ways it is only possible to speculate. It 

would be interesting to analyse variation of bismuth concentration more thoroughly.  
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7. Conclusions 
This work has included analyses in multiple areas. To summarize, some final conclusions are 

made. 

7.1 DSC Technique and Testing 
 

 Reproducibility is very high, far better than 1%.  

 

 The verified DSC parameters (heating rate, sensitivity, resolution, and baseline 

reliability) reacted in accordance to what is reported in literature. 

 

 Melting point and melting range of Alloy A-D were determined. 

 

 Analysis of minor phase transformations was possible using DSC. However, it is not 

possible to detect trace elements at a level lower than 260 ppm. 

 

 Cyclic DSC analysis indicated coalescence of complex bismuth-lead phase. It was 

confirmed by SEM evaluation. 

 

 DSC is an excellent technique for measuring melting range and phase transformations 

in aluminium. It is beneficial to include Scanning Electron Microscopy, LA-ICP-MS 

and Thermo-Calc analysis for greater understanding of material properties. 

 

 Limitations 

o Sample mass of investigated element or phase should be at least 10 µg. 

o Alumina crucible has poor heat conductivity which decreases the sensitivity. 

o Sample stacking decreases heat transfer which in turn decreases the sensitivity. 

7.2 LA-ICP-MS 
 

 LA-ICP-MS is a useful tool for analysing solid solubility and distribution of trace 

elements in aluminium alloys. 

 

 Calculated solid-solubility of trace elements in Alloy C and Alloy D using LA-ICP-

MS differed with corresponding Thermo-Calc values. It seems like Thermo-Calc 

databases need improvements where LA-ICP-MS can play an essential role. 
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8. Future Work 
There are several future directions for further work as a result of this thesis. However, five 

main topics are listed below: 

 

1. Further optimizing the DSC equipment with regards of trace elements. The goal 

should be to enable melting analysis on levels below 100 ppm. Suggested 

improvements: 

o Using argon gas instead of nitrogen gas 

o Using crucible lid to decrease effect of uneven gas flow 

o Using platinum crucibles for testing reactions below 500°C 

 

2. Determine melting range of other aluminium alloys for both solidification and 

melting. 

 

3. Using the DSC for analysis of other phenomena like homogenisation and ageing but 

also applying the technique on other materials, for instance examination of copper 

recrystallisation temperature. The technique enables relatively fast results. 

 

4. Obtaining experimental results with LA-ICP-MS technique in order to examine 

unverified binary phase diagrams like Al-Bi, Al-Pb and Al-Sn. More knowledge in 

solid-solubility of trace elements will influence manufacturing of aluminium products 

and hopefully improve their mechanical properties. 

 

5. Development of a LA-ICP-MS technique for concentration profile analysis of low-

melting-point elements in aluminium. 
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Appendix I 

Phase Diagrams 
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III 
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Comment: All these phase diagrams are taken from Thermo-Calc database. 
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Appendix II  

Melting Range Data 

Bulk Materials 

Alloy A: 

Heating Rate (°C/min) Onset T (°C) Offset T (°C) Peak T (°C) T-C: Onset (°C) T-C: Peak T (°C) 

20 612 670 648 

  

15 611 666 647 

10 608 657 648 

5 608 652.6 647 

2 606 649 646 

0 605 646 645 625 658 

 

Alloy B: 

Heating Rate (°C/min) Onset T (°C) Offset T (°C) Peak T (°C) T-C: Onset (°C) T-C: Peak T (°C) 

20 598 664 644 

  

15 595 663 644 

10 593 656 644 

5 590 651 644 

2 586 647 644 

0 586 646 644 544 649 

 

Alloy C: 

Heating Rate (°C/min) Onset T (°C) Offset T (°C) Peak T (°C) T-C: Onset (°C) T-C: Peak T (°C) 

20 598 670 648 

  

15 596 667 648 

10 594 662 648 

5 590 657 648 

2 590 653 648 

0 587 652 648 587 648 

 

Alloy D: 

Heating Rate (°C/min) Onset T (°C) Offset T (°C) Peak T (°C) T-C: Onset (°C) T-C: Peak T (°C) 

20 641 680 652 

  

15 640 677 653 

10 639 669 653 

5 639 665 652 

2 638 659 652 

0 638 657 651 623 650 

 

 



 

V 

Fin Materials 

Alloy D: 

Heating Rate (°C/min) Onset T (°C) Offset T (°C) Peak T (°C) T-C: Onset (°C) T-C: Peak T (°C) 

20 645 673 655 

  10 644 666 655 

5 641 662 654 

0 640 658 653 623 650 

 

Alloy E-H14SR: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) Peak Heat Flow (W/g) ΔHm (J/g) 

Core     

20 605 642 6.8 351 

10 597 641 3.4 359 

5 596 640 1.9 353 

0 592 639   

Clad  

20 575 580 2.8 57 

10 574 577 1.5 47 

5 573 576 0.8 39 

0 573 575   

 

Alloy E-H18: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) Peak Heat Flow (W/g) ΔHm (J/g) 

Core     

20 613 645 8.4 376 

10 602 644 4.4 376 

5 598 644 2.3 366 

0 592 644   

Clad  

20 576 579 1.5 30 

10 573 576 0.6 20 

5 573 575 -0.1 8 

0 572 574   

 



 

VI 

Alloy E-H24: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) Peak Heat Flow (W/g) ΔHm (J/g) 

Core     

20 604 643 7.0 365 

10 603 643 3.8 354 

5 601 642 2.1 371 

0 600 641   

Clad  

20 576 583 2.1 48 

10 574 579 1.4 42 

5 573 577 0.6 33 

0 573 575   

 

Alloy E-O(L): 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) Peak Heat Flow (W/g) ΔHm (J/g) 

Core     

20 602 644 6.9 379 

10 597 643 3.8 376 

5 597 642 2.0 394 

0 594 641   

Clad  

20 575 581 2.2 46 

10 573 578 1.3 39 

5 573 576 0.6 31 

0 572 575   

 

Alloy E-H14SR-Bare Fin: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) Peak Heat Flow (W/g) ΔHm (J/g) 

20 632 650 12.1 436 

10 629 650 7.2 432 

5 629 649 4.1 439 

0 627 649   

 

Alloy E-H24-Bare Fin: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) Peak Heat Flow (W/g) ΔHm (J/g) 

20 635 650 13.1 446 

10 633 650 7.6 429 

5 631 649 4.5 434 

0 630 648   
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Appendix III 

Study of Reactions Below 500°C 

Recrystallisation Data 

Alloy E-H18 Braze Clad: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) 

20 331 343 

10 326 335 

5 325 332 

0 323 328 

 

Alloy E-H24 Braze Clad: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) 

20 322 333 

10 319 327 

5 315 315 

0 313 318 

 

Alloy E-H24 Bare Fin: 

Heating Rate (°C/min) Onset T (°C) Peak T (°C) 

20 324 335 

10 320 329 

5 316 323 

0 314 320 

 

Extrapolation of Recrystallisation Data 
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Appendix IV 

Extrapolation Curves 

Effect of Sample Mass 

 

 

Melting Range 

Bulk Materials: 
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Alloy D, Fin Material: 

 

 

Alloy E, Fin Materials: 
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