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ABSTRACT 
The grain refinement of aluminium by titanium diboride particles, TiB2, using Ti/B grain refiners is common 

practice in the aluminium industry, but exactly how this grain refinement is achieved is uncertain. Current 

addition of grain refiner is therefore rarely optimal and excessive addition rates of grain refiner is common. This 

study investigates grain refinement of aluminium by titanium diboride to create a method and/or model which 

can be used to aid in addition rate optimisation. The effect of different parameters on grain refinement is the 

focus and includes cooling rate, properties of the nucleant particles, and growth restriction. A number of 

experiments using different test methods was applied to investigate this. The study reveals how the parameters 

investigated affect grain refinement, and how these can be used to optimises grain refiner addition rate. A model 

aiding in dealing with the varying abilities of nominally identical grain refiners to produce grains is introduced. 

The conclusion emphasizes the importance of optimising addition rates of grain refiners, for mechanical as well 

as environmental reasons, and how this can be achieved by changing the investigated parameters. 



 

SAMMANFATTNING 
Kornförfining av aluminium med titandiboridpartiklar, TiB2, genom användning av Ti/B kornförfinare är standard 

inom aluminiumindustrin. Det är dock inte helt utrett hur denna kornförfining går till. Rådande tillsatsmängder 

av kornförfinare är därför sällan optimala och alltför stora tillsatsmängder av kornförfinare är vanligt 

förkommande. Denna studie undersöker kornförfining av aluminium med titandiborid med målet att skapa en 

metod och/eller modell som kan användas för att underlätta optimering av tillsatsmängder. Fokus ligger på hur 

olika parametrar influerar kornförfiningen och inkluderar kylningshastighet, egenskaperna hos de kärnbildande 

partiklarna, och tillväxthämning. Experiment med olika testmetoder utfördes för att undersöka detta. Studien 

visar hur de undersökta parametrarna påverkar kornförfiningen och hur dessa kan användas till att optimera 

tillsatsmängden av kornförfinare. En modell användbar för att hantera de skillnader nominellt identiska 

kornförfinare uppvisar i sin förmåga att producera korn presenteras. Slutsatsen betonar vikten av att optimera 

tillsatsmängden av kornförfinare, både av materialmässiga och miljömässiga skäl, och hur detta kan uppnås 

genom ändringar i undersökta parametrar.  
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1. INTRODUCTION

Aluminium is one of the most produced metals on earth and products created from it, and its alloys, are used in 

a myriad of applications in today’s world [1]. During production of aluminium products, it is common practice to 

make use of grain refiners to improve workability and product properties. Grain refiners are added to liquid 

aluminium where they introduce small particles which act as sites for heterogenous nucleation during the 

solidification process. The process is called grain refinement, or inoculation, and generates a small equiaxed 

microstructure. This leads to a more homogenous material and a product of higher mechanical quality. The most 

commonly used grain refiner for aluminium consist of titanium diboride particles and titanium in an aluminium 

matrix and is called a Ti/B grain refiner. Despite its widespread use and importance for quality products the 

mechanism behind its grain refining capabilities are still uncertain. 

As there is a lack knowledge about in what manner Ti/B grain refiners create a small equiaxed microstructure the 

use of Ti/B grain refiners in the industry today largely rely on empirical tests. This often leads to addition rates of 

more grain refiner than is required being used. Addition of excess grain refiner increases costs and resources 

needed while also diminishing the mechanical properties of the product. Excessive addition of Ti/B grain refiner 

is therefore economically, environmentally and qualitatively not viable. The grain refines used in the industry 

today have also been shown to vary in their ability to produce grains [2-4], i.e. they possess different efficiencies. 

Despite this being a known fact, few studies investigating the reason for the difference exist. To reduce the 

addition rates currently in use more knowledge about Ti/B grain refiners and their particles is essential. 

This study aims to expand upon the current knowledge of how Ti/B grain refiners create a small equiaxed 

microstructure by examining what parameters affect the titanium diboride when added to liquid aluminium, and 

to create a method and/or model for determining optimum addition rates dependent on wanted final properties. 

This includes examination of the influence of cooling, the physical properties of the titanium diboride particles, 

and the presence of other elements in the aluminium system. It also investigates probable causes for the 

difference in efficiency between grain refiners. The study builds upon existing knowledge and published works 

entailing the influence of titanium diboride on aluminium, mainly the Greer 2000 study. 
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2. ALUMINIUM AND GRAIN REFINEMENT

2.1. ALUMINIUM 
Aluminium (Al) is a metal that has been used throughout history in the form of different compounds, but it was 

first isolated in the middle of the 19th century. A way of producing aluminium in large quantities was invented 

shortly after its discovery and since then the metal has found applications in many different fields and is a 

prevalent occurrence in the modern world.[5] 

2.1.1. PROPERTIES AND USES 

Aluminium is one of the most lightweight metals on earth and used in a variety of application due to its unique 

composition of desirable properties. The metal possesses a high strength and a high flexibility, while 

simultaneously having a low density. It is also corrosion resistant, capable of conducting electric currents and 

highly reactive to other metals. The high metal reactivity allows the properties of aluminium to be augmented 

and combined with that of other metals, creating aluminium alloys with a variety of different qualities.[1] 

Since the metal is easily alloyed it is a common element in many different fields of application. Aluminium is 

present as a construction material for buildings, aircrafts and smartphones due to its strength coupled with a low 

density. Since it is electrically conductive it is consequently used in electrical engineering. Due to its resistance 

to corrosion it is also used in the packaging industry as e.g. canisters for beverages.[1] 

2.1.2. PRODUCTION 

Aluminium can be labelled primary or secondary and differ only in the manner of production. Primary aluminium 

is produced from minerals present in the earth, while secondary aluminium is produced from recycled aluminium 

products and aluminium scrap.[6] 

Primary aluminium is produced by extracting aluminium from the sedimentary rock known as bauxite through 

two sequential processes to acquire a pure metal. The first process in is called the Bayer process. In this process 

bauxite is crushed and dissolved in a caustic solution and the aluminium containing species are dissolved. An 

insoluble residue, known as red mud due to its colour, is a by-product of this reaction and separation between 

the dissolved aluminium containing species and the red mud is achieved by settling/filtration. The aluminium 

containing species are thereafter washed and calcinated producing alumina (Al2O3) which is the end product of 

the Bayer process. The produced red mud is considered a waste product and is disposed of. With its high pH (10-

12.5) and complex chemical composition red mud is considered both toxic and a pollution hazard.[7] 

To convert the alumina produced in the Bayer process into aluminium it is passed through the Hall-Héroult 

process. The alumina is added to molten cryolite (Na3AlF6) and electrolytically converted into aluminium using 

two carbon electrodes and a high current. The reaction between alumina and carbon produces aluminium, in 

liquid form, according to Reaction 1. 

2𝐴𝑙2𝑂3 + 3 𝐶 → 4 𝐴𝑙 + 3 𝐶𝑂2 

REACTION 1. MAIN REACTION IN THE HALL-HÉROULT PROCESS.[8] 

During the process the carbon anode is depleted, and carbon dioxide produced. Other gases are also produced 

through different reaction routes, such as CF4 and C2F6, which are potent greenhouse gases [6]. The gases also 

contain harmful solid particles [8, 9]. 

During the production of primary aluminium approximately 14 kWh/kg produced aluminium is used, and the 

Hall-Héroult process step is known as the most energy consuming electrolytic process in the world [5, 9]. 
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Secondary aluminium is produced by using recycled aluminium products and scrap as raw material. Possible 

contaminants are removed from the collected materials through different techniques depending on scrap 

quality. The scraps are thereafter molten together in a furnace and liquid aluminium is created.[10] 

This process uses about 5% of the energy required for producing primary aluminium and the products from both 

processes possess the same qualities. Today about one third of the worlds yearly requirement for aluminium is 

produced this way.[10] 

The molten aluminium produced in both primary and secondary aluminium production is placed in a furnace at 

800°C to remove any remaining impurities. This aluminium is then alloyed and inoculated into a predetermined 

chemical composition before being cast in different moulds depending on end product uses. These semi-finished 

products are categorised as wrought or casting alloys and differ in terms of shape and chemical composition. The 

requirement of the finished product determine which semi-finished product is used.[11, 12] 

The production of aluminium has increased since it was discovered how to produce large quantities of it and in 

the year 2016 it is estimated that 58,8 million tonnes of primary aluminium was produced. With the assumption 

that secondary aluminium account for one third of the yearly requirement, a total of about 80 million tonnes of 

aluminium was produced 2016. This makes aluminium the second most produced metal on earth, exceeded only 

by iron.[10, 13] 

2.2. ALUMINIUM CASTING 
The primary and secondary aluminium manufacturers produce semi-finished products by casting the produced 

aluminium using different chemical compositions depending on end product requirements [12]. Two types of 

principal classification are established for the semi-finished products known as wrought alloys and casting, or 

remelt, alloys. Wrought alloys are processed into finished products via mechanical working while cast alloys are 

remelted and used to produce shape castings. Wrought alloys constitute for about two thirds of the produced 

aluminium. All aluminium alloys are influenced by the casting process since the casting and alloying controls 

many properties of the final products.[14-16] 

2.2.1. DIRECT CHILL CASTING 

Direct chill (DC) casting is the most widely used casting method for producing both wrought aluminium alloys as 

well as remelt alloys. The process is used to create ingots of both remelt alloys and wrought alloys.[12, 14, 16] 

Prior to the casting process molten aluminium is alloyed with alloying elements to specified concentrations 

depending on end product use. Common alloying elements are Si, Mg, Mn, Cu, Zn and Fe. The aluminium is also 

inoculated to improve cast product properties and facilitate subsequent treatment.[16] 

DC casting is a semi continuous process where molten aluminium is fed into a mould table containing several 

moulds. The moulds are either circular or rectangular in cross section and have different end product uses. The 

circular mould creates billets which are used for producing extrusion products, such as rods and wires, and the 

rectangular moulds are used to create slabs, which are rolled into sheets and foil. The bottom of the moulds is 

mounted on a hydraulic ram allowing the bottoms to be lowered. Upon contact with the mould wall the liquid 

melt solidifies and form a shell containing the still liquid metal. An illustration of this can be seen in Figure 1. As 

aluminium is continually poured into the mould the bottom is lowered at the same speed as the incoming liquid 

metal. The direct chill, giving the process its name, is applied after the mould exit where the aluminium is sprayed 

with cold water which increases the cooling and solidifies the aluminium further. This results in a very rapid 

cooling and solidification of the aluminium and a varying cooling rate dependent on distance from mould walls. 

Cooling rates, which are dependent on mould dimensions, are approximately 0.5°C/s at the centre of the casting 

and increases outwards with about 0.3-5.0°C/mm to approximately 20°C/s at the casting surface. The casting 

continues as described until the desired length, up to 11 meters, of the aluminium ingot has been reached. The 

ingot is thereafter removed from the mould.[14, 16] Fig1[16] 
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Converting the wrought alloys produced by DC casting involves mechanical working of the alloy. This process 

greatly changes the shape of the ingot and its microstructure but despite this change the initial microstructure 

of the cast ingot is important to the microstructure of the mechanically worked finished product. The parameters 

present during DC casting of the wrought alloy ingots is therefore of importance to end product properties.[15] 

The remelt, or casting, alloys produced via DC casting have their microstructure completely destroyed during the 

remelting process and the structure of the cast alloy ingot does consequently not affect the end product. The 

alloying elements and inoculant particles added prior to DC casting are however important during the 

solidification of the remelted ingot. Inoculation and alloying are therefore practiced on both wrought and cast 

alloys produced through DC casting since they affect end product properties.[15] 

2.3. SOLIDIFICATION AND GRAIN FORMATION 
Like all metals solid aluminium consists of grains, or crystals, on a microscopic level (see Figure 2). These grains 

are formed during the solidification of liquid aluminium and their size and shape greatly affects the properties of 

the solid metal, such as its strength, toughness, and surface finish. It has been shown that a finer and more 

equiaxed grain size lead to an increase in these qualities and an improvement to the uniformity of the metal’s 

mechanical properties.[17-20] It is therefore of great interest to be able to accurately predict and manipulate 

final grain size when casting aluminium, which require knowledge about how the grains are formed and the 

variables affecting their growth starting from liquid aluminium. Fig2[21] 

FIGURE 1. SCHEMATIC IMAGE OF A DC CASTING MOULD [16]. 

FIGURE 2. IMAGE OF GRAINS IN PURE ALUMNIUM [21]. 
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2.3.1. NUCLEATION 

The grains in a metal are created starting with a process called nucleation. This is the first process in the 

transformation of the metal from a liquid to a solid phase.[22] Nucleation is an activated process that is 

dependent on the formation of a critical nucleus and can proceed as either homogeneous or heterogeneous in 

nature.[18, 23] 

In both processes the formation of a nucleus depend on the relationship between the energy for phase change 

and the interfacial energy between the new phase and the old. This relationship is temperature dependent, and 

therefore influenced by the degree of undercooling, were an increased undercooling leads to an increased driving 

force for phase change and nucleation.[24] 

Homogeneous nucleation can occur in the liquid at the temperature corresponding to the melting temperature 

of the substance and below. The new phase occurs stochastically in small regions of the old phase which, 

according to classical nucleation theory, can be approximated by spheres and the new phase grows from there. 

In classical nucleation theory the nucleus is treated as if it was a macroscopic phase.[23, 25] 

Heterogeneous nucleation occurs in the presence of a solid foreign substance in the liquid. This can be the 

container wall or contaminant particles in the solution. The surface of these substances acts as nucleation sites 

from which the new phase is formed with the geometry of a spherical cap according to classical nucleation 

theory. The geometrical difference between the two nucleation types are illustrated in Figure 3.[18] 

Heterogeneous nucleation is much more common than homogeneous nucleation during the solidification of 

aluminium since there are always impurities present in the form of container walls and contaminant particles in 

the liquid [16]. Heterogenous nucleation is also more common in general due to the fact that it is more 

energetically favourable than homogenous nucleation since the interfacial energy between the new solid phase 

and the old liquid phase is lower for heterogenous nucleation. This difference in energy stems from the different 

geometrical shapes of the formed nucleus (see Figure 3). The sphere representing the homogenous nucleation 

has a larger surface area in contact with the old liquid phase compared to the spherical cap shape of the 

heterogenous nucleation. The smaller surface area of the spherical cap in contact with the liquid lowers the  

energy for nucleation and heterogenous nucleation is therefore much more common than homogenous 

nucleation.[26] It is consequently assumed in this report that heterogenous nucleation is the only type of 

nucleation occurring during the solidification of aluminium. 

Heterogenous nucleation, as previously mentioned, occurs on the surface of a solid substance in contact with 

the liquid aluminium. With the assumption of a spherical cap geometry, depicted in Figure 4, the forces acting 

on the formed new solid phase are the interfacial energies between the three different components.[26] 

FIGURE 3. CROSS SECTION OF GEOMETRICAL NUCLEATION SHAPES FROM CLASSICAL NUCLEATION THEORY. 
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By taking the tangent of the solid liquid interface, while assuming that there exists a thermodynamic equilibrium 

between the components, it is possible to evaluate their influence on formation of the new solid phase using 

trigonometry.[26] 

The interfacial energies 𝛾 together with the contact angle θ pictured in Figure 5 illustrates how the components 

are dependent on each other. This relationship can be described with Equation 1, which is known as the Young 

equation.[26] 

The Young equation shows how the contact angle is dependent on the magnitude of all three interfacial energies. 

The value of the contact angle θ can range from 0 to 180 degrees.[23] 

𝛾𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑙𝑖𝑞𝑢𝑖𝑑 − 𝛾𝑠𝑜𝑙𝑖𝑑−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝛾𝑙𝑖𝑞𝑢𝑖𝑑−𝑠𝑜𝑙𝑖𝑑 ∗ cos (𝜃) 

EQUATION 1. YOUNG EQUATION OF INTERFACIAL ENERGIES AND CONTACT ANGLE. 

As previously stated, the formation of a critical nucleus depends on the energy for phase change and the 

interfacial energy between the new phase and the old. This relationship can be expressed using Gibbs free 

energy, ∆𝐺, where the surface energy inhibits nucleation and the bulk energy of the new phase promotes it. This 

equation is simplified in Equation 2 where a negative value of ∆𝐺 is coupled to nucleation being favoured.[27] 

∆𝐺 = (𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑒𝑛𝑒𝑟𝑔𝑦) − (𝑏𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 𝑒𝑛𝑒𝑟𝑔𝑦) 

EQUATION 2. THE REALATION BETWEEN SURFACE AND BULK ENERGY WITH REGARD TO GIBBS FREE ENERGY. 

In heterogeneous nucleation the surface area and volume of the new solid phase is of a capped sphere geometry 

and a sphere is therefore used as a first approximation of the terms to describe the Gibbs free energy of the 

system mathematically. Using the volume and surface area of a sphere the energy can be expressed as Equation 

3, where 𝛾 is the surface tension and 𝜀0 the energy per unit volume of the solid new phase.[27] 

∆𝐺 = 4𝜋𝑟2𝛾 −
4

3
𝜋𝑟3𝜀0 

EQUATION 3. GIBBS FREE ENERGY IN TERMS OF THE RADIUS OF A SPHERE. 

All the parameters in the equation are constant in a system except for 𝑟 which is the sphere radius. The Gibbs 

free energy is therefore dependent on the radius of the sphere through Equation 3, this is illustrated in Figure 6.  

FIGURE 5. INTERFACIAL ENERGIES AND CONTACT ANGLE SUPERIMPOSED ON THE SPHERICAL CAP GEOMETRY. 

FIGURE 4. SPHERICAL CAP MODEL WITH LABELED COMPONENTS. 
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Figure 6 shows that when 𝑟 is small the surface area energy is the dominant term, preventing nucleation, and 

that when 𝑟 is large the bulk volume term dominates, promoting nucleation. At a certain 𝑟 the two terms cancel 

out and the derivative of ∆𝐺  is zero. This 𝑟  correspond to the critical nucleation radius, 𝑟∗ , which must be 

reached by a sphere for growth into macroscopic phase to occur. The energy at this point is known as the 

nucleation barrier and denoted ∆𝐺∗. The nucleation barrier can be calculated by first taking the derivative of 

Equation 3 with respect to 𝑟. This gives 

𝑑∆𝐺

𝑑𝑟
= 8𝜋𝑟𝛾 − 4𝜋𝑟2𝜀0 

Setting this equal to zero gives a value for the critical nucleation radius 𝑟∗ through 

𝑑∆𝐺

𝑑𝑟
= 0 ⟹ 4𝜋𝑟(2𝛾 − 𝑟𝜀0) = 0 ⟹ 𝑟∗ =

2𝛾

𝜀0

 

Inserting 𝑟∗ into Equation 3 yields the energy for the nucleation barrier, denoted ∆𝐺∗ 

∆𝐺∗ = 4𝜋
4𝛾3

𝜀0
2 −

4

3
𝜋

8𝛾3

𝜀0
3  𝜀0 = 16𝜋

𝛾3

𝜀0
2 −

32

3
𝜋

𝛾3

𝜀0
2 =

16

3

𝜋𝛾3

𝜀0
2  

This returns the dependency of the nucleation barrier free energy, shown in Equation 4. 

∆𝐺ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑜𝑢𝑠 
∗ =

16

3

𝜋𝛾3

𝜀0
2  

EQUATION 4. HOW THE NUCLATION BARRIER DEPENDS ON SURFACE TENSION AND ENERGY PER UNIT VOLUME. 

From this it is clear that the surface tension (𝛾) and energy per unit volume of the solid new phase (𝜀0) are the 

factors determining the nucleation barrier of a system.[27] 

As the equation so far is based on spheres it must be modified to fit the spherical cap geometry of heterogenous 

nucleation. This can is done by including a function of the contact angle. 

𝑓(𝜃) =
1

2
−

3

4
𝑐𝑜𝑠(𝜃) +

1

4
cos3( 𝜃) 

FIGURE 6. FREE ENERGY PLOTTED AGAINST INCREAING RADIUS FOR THE DIFFERENT TERMS. 
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The function 𝑓(𝜃) is derived from the area of the interfaces and their energies together with the Young equation. 

This function together with Equation 4 provides the nucleation barrier energy for heterogeneous nucleation in a 

system, shown in Equation 5. The surface is assumed to be infinite and uniform.[23] 

∆𝐺ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑜𝑢𝑠 
∗ =

16

3

𝜋𝛾3

𝜀0
2 ∗ 𝑓(𝜃) 

EQUATION 5. NUCLATION BARRIER ENERGY FOR HETEROGENEOUS NUCLEATION 

In heterogeneous nucleation the nucleation barrier and the onset of growth into macroscopic phase is dependent 

on surface tension, energy per unit volume of the solid new phase and contact angle, as seen in Equation 5.[23] 

The contact angle has two limits, 0 and 180 degrees, 0 < 𝜃 < 180. At 180 degrees there is no longer any contact 

between the surface and the formed new solid phase. The new phase is detached and now possess the same 

geometry as a sphere and consequently the same nucleation barrier as homogenous nucleation instead of 

heterogenous nucleation. At 0 degrees there is an adsorption of a flat layer of the new solid phase on the surface 

and the spherical cap model is no longer a suitable assumption. The heterogenous nucleation barrier is therefore 

non-existent at this contact angle.[23] 

From the expression of 𝑓(𝜃) it is clear that it can only assume values between 0 and 1, since the contact angle is 

limited to values between 0 and 180 degrees, and that a lower value contributes to a lower nucleation barrier in 

Equation 5. A smaller contact angle is linked to a lower 𝑓(𝜃) and consequently linked to a lower heterogenous 

nucleation barrier through the relationship in Equation 5. And since the there is a relationship between the 

interfacial energies and the cosine of the contact angle, through to the Young equation, the interfacial energies 

contribute to the nucleation barrier in heterogenous nucleation.[25] 

For a low contact angle, and hence a low nucleation barrier, there should be a low surface-solid interfacial energy. 

This low energy is often exhibited when there exists a lattice matching between the formed solid structure and 

the surface structure.[19, 25] 

As mentioned previously the process of nucleation is temperature dependent. This temperature parameter is 

introduced through the equation for the rate of nucleation. The rate of heterogeneous nucleation using classical 

nucleation theory can be described by Equation 6. 

𝑟𝑎𝑡𝑒 = 𝜌𝐼𝑍𝑗𝑒
−∆𝐺ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠

∗

𝑘𝑇  

EQUATION 6. NUCLEATION RATE FOR HETEROGENOUS NUCLEATION. 

Where 𝜌𝐼  is the number density of sites for heterogeneous nucleation, 𝑍𝑗  is the Zeldovich factor, 𝑘  the 

Boltzmann constant, 𝑇 the temperature and ∆𝐺∗ the nucleation barrier for the formation of a critical nucleus 

through heterogenous nucleation.[23] 

Assuming that the heterogenous nucleation barrier is equal for all surfaces in a solidifying system, all factors in 

Equation 6 are constants except temperature. Temperature is therefore the only parameter effecting the system 

which can be changed by external means. Following the relation in Equation 6, a lower temperature lead to an 

increased rate of nucleation and a higher a decreased rate. This is also true for cooling rates, a high cooling rate 

yields an increased rate of nucleation while a low cooling rate yields a decreased rate.[23] 

2.3.2. GROWTH RATE AND GROWTH RESTRICTION FACTOR 

During the course of solidification, growth is the process which follows nucleation. In this process the nucleated 

site grow into a macroscopic grain and the system goes from a liquid to a solid. The growth process is exothermic, 

as the system goes from the less ordered liquid phase to the more ordered solid phase, which results in the 
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release of energy in the form of heat emanating from each growth site. The grains grow at a certain rate, known 

as the growth rate, driven by the undercooling of the system. An increased undercooling leads to an increased 

growth rate, which also increases the rate of heat emitted as the process is exothermic. This heat increases the 

temperature of the system and decreases the undercooling. The rate of growth is therefore dependent on the 

heat transport in the system which is a property of the system composition. In the case of aluminium, 

composition is dependent on whether pure aluminium or one of the many aluminium alloys are being used.[2, 

28] 

An aluminium alloy is a combination of mainly aluminium with one or more elements added aimed at enhancing 

the mechanical properties of the aluminium. Aluminium alloys are used far more than pure aluminium and it is 

therefore important to include the effect of alloying elements and total alloy composition on the growth of grains 

during solidification.[12] 

A useful tool when dealing with multicomponent systems such as aluminium alloys is the phase diagram of the 

system. The phase diagram displays which phase, or phases, is stable at different temperatures and 

compositions. Titanium is often used in conjunction with aluminium due to its significant effect on growth rate. 

The binary aluminium-titanium (Al-Ti) phase diagram can be seen in Figure 7.[28] Fig7[29] 

The areas in the diagram dictates which phase is stable, and the lines which phases coexist at a given temperature 

and composition. The line separating the completely liquid phase (L) from the other phases is called the liquidus. 

At both ends of the diagram one of the species is at high concentration and the environment in these sections is 

dominated by it. Solid phases in these areas possess the same structural geometry as the pure element, with the 

other element present treatable as impurities.[28] 

Since aluminium alloys consist predominantly of aluminium with low amounts of alloying elements the high 

aluminium concentration part of a phase diagram is the only section of interest. The high aluminium 

concentration part of an Al-Ti phase diagram can be seen in Figure 8. 

FIGURE 7. ALUMNIUM-TITANIUM (AL-TI) BINARY PHASE DIAGRAM [29]. 
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During solidification of a system the driving force for growth is related to the total undercooling. In a 

multicomponent system, such as an alloy, the total undercooling is dominated by the constitutional 

undercooling. The constitutional undercooling arises ahead of the solid-liquid interface of a growing grain where 

the process of solidification segregates the alloying elements. This results in a locally increased concentration of 

alloying elements in the liquid ahead of the interface which changes its constitution and melting temperature. If 

the new melting temperature is higher than the temperature present in the liquid the liquid becomes locally 

undercooled. This local undercooling is known as the constitutional undercooling since it arises from the changed 

constitution of the liquid.[30, 31] 

The constitutional undercooling driving the growth in a multicomponent alloys system has been shown to be 

linked to alloy composition. The parameter used to describe the influence of alloy composition on growth is 

called the growth restriction factor, 𝑄, and is derived from the corresponding phase diagram of the system.[17] 

𝑄 = 𝑚(𝑘 − 1)𝐶0 

EQUATION 7. DEFENITION OF GROWTH RESTICTION FACTOR.[2] 

In Equation 7 𝑚 is the slope of the liquidus, 𝑘 the equilibrium partition coefficient and 𝐶0 the concentration of 

the alloying element. These parameters are shown in the phase diagram in Figure 9. 

FIGURE 8. ALUMINIUM-TITANIUM PHASE DIAGRAM AT LOW TITANIUM CONCENTRATION. 

FIGURE 9. ALUMINIUM-TITANIUM PHASE DIAGRAM WITH PARAMETERS FOR GROWTH RESTRICTION FACTOR. 
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The growth restriction factor is additive and in the case of a multicomponent alloy the total 𝑄 value is the sum 

of the individual 𝑄 values for each element, under the assumption that all element diffusivities are equal.[2] 

𝑄 ≈ ∑ 𝑚𝑖

𝑖

(𝑘𝑖 − 1)𝐶0,𝑖 

By knowing the growth restriction factor of a system it is possible to estimate the growth rate, 𝑉,  as it has been 

shown to be inversely proportional to the total growth restriction factor.[2, 17] 

𝑉 ∝
1

𝑄
 

EQUATION 8. RELATIONSHIP BETWEEN GROWTH RATE V AND GROWTH RESTRICTION FACTOR Q.[17] 

A higher value of 𝑄  relates to a higher degree of growth restriction and a slower growth rate according to 

Equation 8.[2]  

By omitting the concentration parameter, 𝐶0, from Equation 7 it is possible to evaluate the influence of different 

elements on the growth restriction factor and growth rate. This leaves the values for 𝑚 and 𝑘 which together 

provide a comparable factor between the elements at low concentrations. The values for this factor for different 

alloying elements in aluminium can be seen in Table 1.[24] 

TABLE 1. TABLE SHOWING THE DIFFERENCE IN LIQUIDUS SLOPE AND EQUILIBRIUM PARTITION COEFFICENT FOR SELECTED ELEMETS. DATA 

FROM [24]. 

Element k m m(k-1) 

Ti 7.8 33.3 226 

Ta 2.5 70 105 

Zr 2.5 4.5 6.8 

Si 0.11 -6.6 5.9 

Cr 2.0 3.5 3.5 

Mg 0.51 -6.2 3.0 

Fe 0.02 -3.0 2.9 

Cu 0.17 -3.4 2.8 

Mn 0.94 -1.6 0.1 

 
From Table 1 it is clear that, if added in the same concentration, titanium provides significantly more growth 

restriction in aluminium than any other common alloying element. It is also evident that titanium can be added 

in lower concentrations than any other element while acquiring the same growth restriction. Small changes in 

titanium concentration equals large changes in the growth restriction and subsequently growth rate. 

The contribution of different alloying elements on the growth restriction of a system is illustrated in Figure 10, 

where final grain size has been plotted against the total growth restriction factor for a number of aluminium alloy 

compositions.[31] Fig10[31] 
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From what has been described throughout chapter 2.3 it can be conclude that control of final grain size in 

aluminium is dependent on the control of nucleation and growth in the system.  

2.4. GRAIN REFINEMENT BY TITANIUM DIBORIDE 
Grain refinement has been defined as “deliberate suppression of columnar grain growth in ingots and castings 

and formation of a fine equiaxed solidification structure throughout the material” (McCartney, 1989). There are 

different ways to achieve this, the most common one used in the aluminium industry is through the addition of 

a grain refiner, an aluminium alloy containing particles suitable for heterogeneous nucleation. This process is 

also called inoculation.[19] 

2.4.1. HISTORY 
Aluminium grain refining was developed as a means to improve the mechanical properties of the cast products. 

It was discovered in 1930 that additions of titanium to liquid aluminium produced smaller and more equiaxed 

grains in the product compared to no addition. Low levels of titanium addition showed some reduction of grain 

size while additions over the liquidus solubility limit (0.15 wt.%) showed a significant reduction of grain size. Since 

the discovery the research into grain refining of aluminium has been ongoing.[19, 32] 

In 1949 the role of titanium diboride (TiB2) particles as an effective nucleant for heterogeneous nucleation in 

aluminium was shown. At first the addition of TiB2 particles was in the form of titanium and boron containing 

salts added directly to the liquid aluminium intended for casting. This led to effective grain refining but also 

contamination of the product with by-products from the reaction of the salt with aluminium. Production using 

this method also clearly exhibited fade, a process where the grain refining gets less effective with time as the 

heavy TiB2 particles sink to the bottom of the melt.[32, 33]  

To circumvent the fade and contamination of the salt reaction a new way of adding the TiB2 particles through an 

aluminium master alloy was introduced. These alloys, commonly referred to as Ti/B alloys, consisted of TiB2 

particles suspended in an aluminium matrix and showed greater refining capabilities with a cleaner end product. 

This form of addition became popular and it is now the dominant form of aluminium grain refining in the industry 

today. The alloys are referred to as grain refiners.[32] 

The grain refiners where first produced in the form of ingots called waffles and added in the holding furnace. 

This method of addition, while cleaner than the in-situ salt reaction, was shown to exhibit fade and more efficient 

ways of grain refiner additions where researched. A continuous addition of grain refiner to molten aluminium 

FIGURE 10. GRAIN SIZE PLOTTED AGAINST TOTAL GROWTH RESTICTION FACTOR AT DIFFERENT ALLOY COMPOSITIONS [31]. 
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was designed in the late 1960s using grain refiners produced in 9.5 mm diameter rod form added through rod 

feeders into the transfer launder. This form of addition is now dominant in the industry today.[32, 34] 

During the time between the discovery of the grain refining capabilities of titanium and titanium diboride 

particles, the years 1930 to 1950, grain refinement of aluminium was achieved solely by the addition of titanium 

to aluminium melts.[19, 32] 

2.4.2. GRAIN REFINER PRODUCTION 
There are more than one way to produce Ti/B grain refiners, with the most commonly used method in industry 

today being that of the reaction of halide salts with molten aluminium [19, 35]. A schematic of the method can 

be seen in Figure 11. 

The reaction incorporates a mixture of the salts potassium fluorotitanate (K2TiF6) and potassium fluoroborate 

(KBF4), which is added to 750-800°C molten aluminium in an induction furnace. Due to its lower density the salt 

mixture is located at the top of the melt forming liquid a salt layer, illustrated in Figure 11. The induction furnace 

generates a motion in the melt which facilitates contact between liquid aluminium and the salt layer, as seen in 

Figure 11, while simultaneously keeping the formed particles in suspension. The fluoride salts are reduced by the 

aluminium at the reaction interface and generate TiB2 and Al3Ti particles, as is shown in Reaction 2.[19, 33, 35] 

12 𝐴𝑙 + 3 𝐾2𝑇𝑖𝐹6 + 2 𝐾𝐵𝐹4 → 2 𝑇𝑖𝐴𝑙3 + 𝑇𝑖𝐵2 + 5 𝐾𝐴𝑙𝐹4 +  𝐾3𝐴𝑙𝐹6 + ⋯ 

REACTION 2. ALUMINIUM AND SALT REACTION ROUTE.[19] 

The residual product produced by this process, seen and abbreviated in Reaction 2, are located at the surface of 

the melt due to lower density and is removed by decanting at the end of the process. During production fluoride 

is emitted to the air due to the vaporisation of fluoride salts. Depending on final composition, about 270-370 kg 

salt is required to produce one tonne of grain refiner.[36] 

The salt and aluminium production route produces a clean melt with controllable alloy composition, dependent 

on the stoichiometric relationship between the added salts, allowing for production of grain refiners with 

different titanium (Ti) to boron (B) weight ratios.[19] Two of the grain refiners produced by this technique are 

the Al3Ti1B (3 wt.% Ti and 1 wt.% B) and Al5Ti1B (5 wt.% Ti and 1 wt.% B) grain refiners, with Al5Ti1B being the 

most produced type in the industry today. The Ti/B aluminium grain refiners are also labelled as 3/1 (3 wt.% Ti 

and 1 wt.% B) and 5/1 (5 wt.% Ti and 1 wt.% B) for short.[32] 

FIGURE 11. SALT REACTION IN AN INDUCTION OVEN. ARROWS INDICATE STIRRING OF THE LIQUID BY INDUCTION. 
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As mentioned in section 2.4.1 the grain refiners today are produced in 9.5 mm diameter rod form and fed to 

aluminium melts through rod feeders. The produced rod form grain refiners are rolled into coils, and with batch 

sizes for the salt reaction varying between 1-3 tonnes, each batch generates several coils. A picture of the 

produced coils can be seen in Figure 12 below.[37] Fig12[38] 

2.4.3. TIB2 AS A NUCLEANT 
As previously mentioned, grain refinement is defined as the suppression of columnar grain growth and formation 

of a fine equiaxed solidification structure throughout the material. In the case of Ti/B  grain refiner this is achieved 

through to the fact that the grain refiner supplies TiB2 particles to the melt which acts as sites for heterogeneous 

nucleation, generating several possible nucleation events [19]. The TiB2 particle are shaped like faceted 

hexagonal platelets, shown in Figure 13, where nucleation occurs on the basal (0001) faces of the hexagonal 

platelets surface.[2, 15] 

The height of the hexagonal platelets illustrated in Figure 13 has been shown to be related to the diameter by 

being consistently about 35 % of the value of the diameter. It is assumed that each particle is capable of forming 

at most one aluminium grain.[2] 

During solidification, aluminium grains can be initiated from mould walls and particle impurities as well as the 

added grain refiner particles in the melt. For the grain refiner particles to supersede these other sites of 

nucleation they need to be present in large quantities and nucleation needs to be more favourable at the 

particles than the impurities and walls, i.e. the sites on nucleant particles must be more potent than other sites 

in the system. A high potency is the same as a low nucleation barrier, ∆𝐺ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑜𝑢𝑠 
∗ , for a site.[15, 23] 

For heterogenous nucleation it has been noted in section 2.3.1 that there should be a low surface-solid interfacial 

energy and that this low energy manifests when there exists a lattice matching between the formed solid 

structure and the surface structure. The lattice matching between solid aluminium and the surface of TiB2 

particles have been shown to be poor, which would make the particles a less favourable nucleation site, but X-

ray diffraction analysis of the particles during solidification have shown that the particles are covered in a thin 

FIGURE 13. SHAPE OF THE FORMED TITANIUM DIBORIDE PARTICLES. 

FIGURE 12. PICTURE OF ALMNIUM GRAIN REFNIER COILS PRODUCED VIA THE SALT REACTION [38]. 
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layer of a metastable Al3Ti phase (or at least an Al3Ti like phase) which have a high lattice matching and with solid 

aluminium. This layer facilitates nucleation on the particles making the TiB2 particles potent.[20, 24] 

Another factor determining TiB2 particle potency is the diameter of the particles. The heterogenous nucleation 

on the hexagonal particle surface is limited by the finite surface area. Initially the solid phase grows laterally by 

extending along the surface area and when the area is completely covered the phase grows outwards, as seen in 

Figure 14, decreasing the spherical cap radius. As the phase grows the decrease in radius continues until the 

critical nucleation radius, defined in section 2.3.1, has been reached. The radius cannot decrease further, without 

increasing the undercooling, and this introduces a barrier to free growth where a TiB2 particle cannot grow into 

a grain if the diameter of the particles is less than twice that of the critical nucleation radius, 𝑑 < 2𝑟∗. A TiB2 

particle therefore require a minimum diameter to be potent, and larger particles with a larger diameter are more 

potent than smaller particles.[2, 22] 

For a TiB2 particle to be a potent nucleant it needs to be conditioned with a thin Al3Ti like layer and have a large 

diameter, at least twice the critical nucleation radius, for a specific undercooling. A high potency particle nucleate 

grains at a lower undercooling than low potency particles and there exist an inverse proportional relationship for 

free growth between undercooling and particle diameter.[2] 

2.4.4. GRAIN REFINER EFFICIENCY 
Grain refiner efficiency is a useful term when evaluating the grain refining capacity of different grain refiners. It 

can be defined as “the efficiency of the grain refiner in converting the coarse columnar grain structure to an 

equiaxed structure” (Murty et al., 2002) and is measured by calculating the total number of produced grains per 

added number of particles. Literature states that about 1% of the added particles grow into grains in typical grain 

refiners. The difference in grain refiner efficiency between grain refiners can be compared using equal addition 

rates. The grain refiner with the smaller grain size in the solidified structure is the grain refiner with the higher 

efficiency.[2, 19] Several different standardised tests are available for evaluation of grain refiners and their 

efficiencies, these are introduced in section 2.4.5. 

Grain refiner efficiency is linked to the potency of the particles in the refiner. As described in section 2.4.3, for 

TiB2 particles to be potent they need to be covered in a layer with an Al3Ti like structure. This layer contains 

titanium and as such there need to be more titanium present in the system then solely the titanium bound in the 

titanium diboride particles. It has been shown that grain refiners with no additional titanium, except that in the 

TiB2 particles, do not instil grain refinement. For a grain refiner containing TiB2 particles there need to be an 

excess of titanium in the system, either added through the grain refiner by using a refiner with more titanium 

than is bound by the borides or by adding titanium separately to the system, for the particles to instil grain 

refinement and for a high grain refiner efficiency.[15] 

FIGURE 14. GRAIN GROWTH ON A TITANIUM DIBRODIE PARTICLE. 
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Since grain refiner efficiency is linked to particle potency the diameter of the particles in the refiner is of 

importance (see section 2.4.3). The dominant salt reaction route of producing grain refiners, described in section 

2.4.2, generates refiners with a highly controllable composition but the size distribution of produced TiB2 

particles is not controlled. This leads to particles of many different diameters present in a system after grain 

refiner addition. The larger particles require a lower undercooling than the smaller particles and will therefore 

nucleate first.[19] A typical distribution of particle diameter in a 5/1 grain refiner produced via the salt reaction 

can be seen in Figure 15.[2] 

During growth of aluminium on the nucleated crystals, heat is released. This heat is emitted uniformly throughout 

the system and decreases the degree of undercooling. This decrease in undercooling prohibits further nucleation 

events and the smaller particles in the system, which require a larger degree of undercooling than the larger 

particles, do not nucleate aluminium crystals.[2] In practise only the larger particles contribute to a reduction in 

grain size, and consequently the grain refiner efficiency, while the uninitiated particles are pushed by the growing 

grains and end up in the grain boundaries of the final structure.[19] 

In summary, grain refiner efficiency is dependent on excess titanium in the melt and the size distribution of TiB2 

particles, were a high efficiency arises from a narrow size distribution of the particles. A narrow size distribution 

ensures that as many particles as possible are able to nucleate and grow into grains at a certain undercooling. 

By determining the grain refiner efficiency, useful information on the ability of a grain refiner to produce products 

with a fine and equiaxed grain size is gained. This could potentially be used as a grading system for produced 

alloys but is not employed in industry today. Producers of grain refiners currently employ an acceptance level on 

final grain size at specific addition rates when testing grain refiners. This ensures that the grain refiner is able to 

produce grain sizes of or below the acceptance level but no information of efficiency is attained.[19, 39] 

2.4.5. STANDARDISED TESTS 

There is not one but several standardised tests available for analysing grain refiner efficiency and determining 

the ability of a grain refiner to reduce grain size. The most used are the Alcan and Alcoa tests. These tests both 

incorporate a high cooling rate, mimicking the conditions present during DC casting described in section 2.2.1. 

The Alcan test is the more common test found throughout the industry, but both tests are used.[19] The Alcan 

test, also known as the TP-1 test, will be described in greater detail since it is the test used by the supplier of the 

materials present in this study. 

FIGURE 15. TYPICAL DIAMETER DISTRIBUTION OF AN 5/1 ALUMINIUM GRAIN REFINER. 
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The test procedure consists of melting 10 kg of 99.7 % pure aluminium in a resistance furnace and heating the 

melt to 718±5°C. A predetermined amount of grain refiner, dependent on grain refiner stoichiometry, is then 

added to the melt in and stirred in for 30 seconds until dissolved. A preheated ladle (see Figure 16) is the 

submerged in the melt where it is kept for 30 seconds before being withdrawn vertically from the melt. The ladle 

with melt is then lowered into a container, pictured in Figure 16, and quenched with water. The solidified 

sampled is then removed from the ladle and cut perpendicular to the axis of casting to expose the surface 38 

mm from the base. The exposed surface is then prepared for grain size evaluation through grinding and etching. 

This test is often used as quality control for producers of grain refiners, where a predetermined grain size must 

be achieved in the test for a refiner to be considered passable.[39] Fig16[19] 

As mentioned, the test incorporates a high cooling rate likening that during DC casting. The high cooling rate, 

while fast and relating to the DC casting environment, can be problematic since a high cooling rate influences 

the final grain size, as described in section 2.3.1, and the test may yield a smaller grain size and a higher grain 

refiner efficiency than the true efficiency because of this. The test also makes use of batches of 10 kg pure 

aluminium making the test procedure difficult to replicate on a smaller laboratory scale.[19] 

2.4.6. OPTIMISATION OF ADDITION 

In some applications a certain grain size is required in the final cast product to obtain the sought properties. 

When a certain grain size is needed the addition rates of grain refiner to aluminium is important. Typical Ti/B 

grain refiner additions used in industry vary between 0.25-10 kg grain refiner per tonne aluminium. The higher 

addition rates introduce more sites for nucleation and consequently a finer grain size, but as mentioned in section 

2.4.4 not all particles nucleate and grow into a grain and the uninitiated particles are pushed by the growing 

grains into the grain boundaries. These uninitiated particles negatively affect the mechanical properties of the 

final product since they are now unwanted inclusions and do not lower grain size. Products with such inclusions 

are increasingly porous, possess a poor surface finish and a lower fatigue and ductility. In thin foils the inclusions 

can create small holes in the foil, called pinholes.[15, 16] 

Uninitiated particles also agglomerate, creating large TiB2 agglomerates of about 10-15 microns or more in size. 

These agglomerates are disadvantageous to the final product’s mechanical and aesthetic properties since the 

they are much harder than aluminium creating inhomogeneity in the product which is especially detrimental to 

thin sheets and wires, and products with special surface finishes.[16] 

FIGURE 16. TP-1 EQUIPMENT. (LEFT) LADLE AND (RIGHT) WATER QUENCHING CONTAINER [19]. 



18 
 

A higher addition rate of grain refiner will decrease the grain size, but it will also interfere with the mechanical 

and aesthetic properties of the product. The optimisation of grain refiner addition is therefore of importance. 

Minimizing the addition while maximising the effect of the added grain refiner leads to a better product and less 

money spent on grain refiners.[18] 

A way of achieving a finer grain size without addition of additional grain refiner is by increasing the undercooling. 

As discussed in section 2.4.4 a higher degree of undercooling results in more particles being able to nucleate, 

decreasing the grain size and reducing the number of inactive grains in the material. The relationship between 

undercooling and nucleated particles in a typical 5/1 grain refiner can be seen in Figure 17.[2] 

High degrees of undercoolings allow for particles of low potency to nucleate, as well as other sites of low potency 

present in the melt. These sites include mould walls and a high degree of undercooling is linked to an increase in 

columnar grains, emanating from the mould walls, resulting in an inhomogeneous grain structure containing 

regions of both columnar and equiaxed grains. A high undercooling cancels out the effect of added particles and 

counteracts grain refining.[15] 

At high degrees of undercooling there is also an increased difference in cooling rates throughout the melt where 

the aluminium in contact with mould walls have a high cooling rate and aluminium at centre points have a low 

cooling rate, as in the case of DC casting. Since cooling rate is linked to the size and shape of the final grains this 

difference introduces areas of dissimilar microstructure in the product creating inhomogeneities in its 

mechanical properties.[16] 

The influence of alloying elements, discussed in section 2.3.2, can be exploited with the intention of acquiring a 

certain grain size without adding additional grain refiner. The total growth restriction factor 𝑄 of a system can 

be altered by changing the concentration of the present elements or by adding new elements specifically aimed 

at altering the 𝑄 value. It is however important that these changes not interfere with the wanted mechanical 

properties of the final product. Since 𝑄 value of a system is inversely proportional to growth rate an increase in 

𝑄 decreases the growth rate. A decreased growth rate reduces the rate of heat emitted by the growing grains, 

due to the process being exothermal, which allows for more particles to nucleate before the emitted heat 

increase the temperature and stifles further nucleation events. This results in a finer grain size.[2] 

To summarize, grain refinement is dependent on the amount of grain refiner addition, the total growth 

restriction factor 𝑄  and the cooling rate. These parameters can be altered to optimise the addition of grain 

refiner without diminishing the mechanical properties of the product.[15] 

FIGURE 17. RELATIVE POPULATION OF ACTIVATED PARTICLES AS A FUNCTION OF UNDERCOOLING. 
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2.5. MODELS 
The discovery that addition of certain elements and particles to liquid aluminium generated a fine and equiaxed 

grain structure resulted in the creation of several theories aimed at explaining the mechanisms responsible [32, 

35]. Understanding the underlying mechanisms would allow for the creation of models accurately describing 

grain refinement in the solidifying systems. These models can then be used to predict grain size from known 

input parameters, allowing for easy optimisation of systems. 

The theories that were constructed developed the rise of two paradigms in the explanation of grain refinement. 

The theories could all be categorised as belonging to one of the two paradigms. The nucleant paradigm 

encompassed the theories ascribing nucleant particles as the reason for grain refinement, while the theories 

ascribing the solute as the reason made up the solute paradigm [32, 35]. Neither of the paradigms could fully 

explain grain refinement and the subject generated a lot of controversy before it was discovered that grain 

refinement was dependent on both nucleant particles and solute and as such, a combination of the two 

paradigms [17, 32]. 

This discovery resulted in the possibility to construct more accurate models of grain refinement in solidifying 

systems. One such model, created by Maxwell and Hellawell in 1975, endeavoured to explain the underlying 

mechanism of grain refinement and to create a model able to predict the final grain size of a system [40]. 

The model described final grain size as a function of surface energies of the nucleant particles (nucleant 

paradigm) and the growth restricting effect of the solute (solute paradigm). The effect of cooling conditions was 

also accounted for. Applied to experimental values, the model was found to predicted grain sizes which were in 

reasonable accordance with measured values.[2, 40] 

The model made use of a number of assumptions, such as a spatially isothermal melt and a single nucleant 

particle size. As this model was constructed in 1975 it was also based on theories prevalent at the time. This 

included the belief that TiB2 was a poor nucleant particle compared to Al3Ti which led to the model assuming 

Al3Ti to be the nucleant particle [32, 40]. This belief, along with other assumptions in the model, were later 

discovered to not be valid assumptions since they did not accurately depict the behaviour of the system. This 

accounted for the relatively poor grain size prediction of the model [2, 32]. 

Despite its shortcomings the model provided insight into the importance of surface energies of nucleant particles 

as well as the importance of solute constitution on growth restriction. This laid the foundation for more advanced 

models to be constructed, able to predict final grain size more accurately.[2] 

One such model, based on the work of Maxwell and Hellawell, was created by Greer et. al. in 2000. This model 

revaluated the assumptions behind the Maxwell and Hellawell model and modified or removed those that were 

recognised as nonvalid. The nucleant particle were no longer assumed to be Al3Ti and the single nucleant particle 

size was replaced with a size distribution, as in Figure 15, which had been shown to more accurately describe the 

sizes. The model concluded that the rate of nucleation was determined not by the nucleation event but by the 

free growth of the grains, hence the model was named the Free growth model.[2] 

The Free growth model numerically predicted grain sizes using addition rate, cooling rate, and solute 

composition. As for the grains the model assumed them to possess a tetrakaidecahedron structure (see Figure 

18) related to their size. The predicted grain sizes were in greater accordance with measured values than that of 

the Maxwell and Hellawell model it was based upon, displaying an increased accuracy in the model.[2, 32] 

Fig18[41] 
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The increased accuracy of the model revealed that nominally identical grain refiners could produce different 

grain size, with grain sizes up to four times as large, under the same conditions. This anomaly could not be 

explained by the Free growth model.[2] 

An outstanding challenge for creating a model accurately predicting grain size is this varying ability by nominally 

identical grain refiners to produce grains [17]. Building on the models explained in this chapter a new model is 

introduced in this paper. This equation considers the diameter of the nucleant particles, 𝑑𝑇𝑖𝐵2, the addition rate, 

𝐴𝑅, and an efficiency factor, 𝑒𝑓𝑓, to calculate the grain size, 𝐺𝑆. The derivation of this equation can be seen in 

Appendix D: Grain size equation. 

𝐺𝑆 = 18.1 ⋅ (𝐵𝑀𝐴 ⋅ 𝐴𝑅 ⋅ 𝑒𝑓𝑓)−
1
3 ⋅ 𝑑𝑇𝑖𝐵2 

EQUATION 9. GRAIN SIZE EQUATION. 

The efficiency factor is introduced to handle the differing ability to produce grains by grain refiners.  

FIGURE 18. TETRAKAIDECAHEDRON [41]. 
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3. MATERIALS AND METHODS 
To study the influence of the different parameters on grain refinement, a number of experiments were 

conducted. The materials and instruments used are listed in this chapter, and the experimental procedures 

described. 

3.1. EFFICIENCY 
The grain refiner efficiency discussed in section 2.4.4 applies a fixed addition rate of grain refiner to determine 

efficiency. This definition of efficiency is limited, and a new definition is therefore introduced in this section 

simply called the efficiency. It is based on the definition of efficiency used in [4] which defines efficiency in much 

the same way, but with adjustments made to the shape the aluminium grains. 

The efficiency is a measure of the number of grains formed in a unit volume in relation to the added amount of 

TiB2 particles. The aluminium grains are assumed to possess the geometry of a tetrakaidecahedron (see Figure 

18) and the relationship between the measured intercept grain size, 𝐺𝑆, and the number of grains per unit 

volume, 𝑁𝑣, is as derived in [2]: 

𝑁𝑣 =
0.5

𝐺𝑆3
 

Since essentially all boron present is bound in the TiB2 particles, the boron concentration is related to the TiB2 

particle concentration. The total boron concentration is a product of the addition rate, 𝐴𝑅 , and the boron 

concentration in the grain refiner, 𝐵𝑀𝐴. With 𝐴𝑅 expressed in kilograms per tonne and 𝐵𝑀𝐴  in % the total boron 

concentration is: 

𝐵𝑡𝑜𝑡𝑎𝑙 =
𝐵𝑀𝐴 ∙ 0.01 ∙ 𝐴𝑅

1000
 

Expressed in ppm the concentration is: 

𝑝𝑝𝑚 𝐵 = 𝐵𝑡𝑜𝑡𝑎𝑙 ∙ 106 = 𝐵𝑀𝐴 ∙ 𝐴𝑅 ∙ 10 

The efficiency is then calculated as in Equation 10 below. 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
0.5

𝐺𝑆3
∙

1

𝑝𝑝𝑚 𝐵
 

EQUATION 10. CALCULATION OF EFFICIENCY. 

In Equation 10 𝐺𝑆 is the measured intercept grain size in millimetres. The equation gives a measure of how many 

grains are formed in a cubic millimetre per added ppm boron. 

Using this quantifiable efficiency based on the number of grains generated per added amount of grain refiner it 

is possible to compare different grain refiners at different addition rates, something not achievable using the 

previously defined grain refiner efficiency based solely on grain size. 

3.2. MATERIALS 
The aluminium used in all experiments had a purity of 99.7 wt.% and came from the same batch. The total 

aluminium composition can be seen in Table 2. 
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TABLE 2. TOTAL COMPOSITION OF THE ALUMINIUM METAL USED. 

Element Concentration [wt.%] 

Aluminium (Al) 99.7 

Iron (Fe) 0.17 

Silicon (Si) 0.05 

Vanadium (V) 0.04 

Titanium (Ti) <0.0020 
Boron (B) <0.0002 

 

Two different commercial grain refiners were used through the experiment and both were commercial Al3Ti1B 

refiners in rod form produced using the salt reaction procedure. The grain refiners had been previously analysed 

with respect to grain size and shown to have different grain refiner efficiency. The grain refiner denoted as A 

showed a high efficiency while the grain refiner denoted as B showed a low efficiency. Both rods were sawn into 

thin disks. For each sample the grain refiner disk was cut according to Figure 19 to acquire the radial distribution 

of particles within the rod. 

Various concentrations of Ti were obtained by additions of a binary Al-6% Ti master alloy. The alloy was in rod 

form, ensuring a homogeneous structure due to the rapid solidification during its production. 

Several different crucibles where used for the experiments. All the crucibles where cylindrical in shape and made 

from stainless steel. The crucibles where covered in a layer of boron nitride before being used to prevent 

reactions between liquid aluminium and mould walls. This layer was continuously renewed when necessary. The 

crucibles and their dimensions are shown in Figure 20.  

The thin-walled crucibles in Figure 20 had a wall thickness of 0.2 mm and the thick-walled crucible a wall thickness 

of 4 mm. The crucibles hold, from left to right in Figure 20, about 220 g, 110 g, and 100 g, aluminium melt when 

filled to the brim. 

A Fiberfrax Durablanket S refractory blanket, henceforth referred to as a Fiberfrax blanket, with a thickness of 

13 mm supplied by Unifrax was used as an isolating material to place sample crucibles on during cooling [42]. 

This was done to ensure that solidification emanated from the walls of the crucibles. 

Plastic padding Chemical metal supplied by Pattex, a two-component polyester based adhesive, was used for 

joining together samples when applicable [43]. This was done in order to simplify and expedite sample 

processing. 

FIGURE 20. CROSS SECTION OF CRUCIBLES WITH INNER DIMENSION DIAMETER AND HEIGTH.  

FIGURE 19. CUTTING SCHEME OF GRAIN REFINER DISKS WITH A DIAMETER OF 9.5 MM. 
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3.3. INSTRUMENTS 
The chemical composition was determined with a spark spectrometer SPECTROMAXx arc/spark OES metal 

analyser from Spectro Ametek Materials Analysis Division.[44] 

The K-type thermocouples used to measure temperature through difference in volts were constructed on site 

using materials from Pentronic.[45] 

A Picolog High Resolution Data Logger, model ADC-20, was used in conjunction with the K-type thermocouple to 

log data corresponding to different temperatures recorded by the thermocouple. The data was collected in volts 

and converted into Celsius using the K-type thermocouple equation (see Appendix B: K-type thermocouple 

equation), relating voltage to temperature.[46] 

A Sector Field Inductively Coupled Plasma Mass Spectrometer (SF ICP-MS) was used to determine chemical 

composition when high accuracy was required. The analysis was performed off site at ALS Scandinavia.[47] 

3.4. OPTIGRAIN SOFTWARE AND SETUP 
All grain sizes were measured and calculated using the Optigrain software. The software combines manual input 

from an operator with mathematical calculations to compute the average grain size.  

The software is installed on a computer which is coupled to a video camera, feeding the program a continues 

image of the sample to be analysed. The camera is in turn attached to a microscope and the image continuously 

fed to the computer is the enlarged version from the microscope showing the grains of the sample. A schematic 

of the setup is picture in Figure 21. The microscope makes use of polarised light which makes the grains appear 

in different colours depending on their different orientations. An image of this can be seen in Figure 22. 

The software superimposes three evenly spaced lines on the image (see Figure 22). The operator marks every 

grain boundary present at these lines. The total number of grain boundaries over all three lines are then 

converted into average grain size, using the distance between the first and last grain boundary for each line, with 

FIGURE 22. GRAINS UNDER POLARISED LIGHT WITH SUPERIMPOSED LINES. 

FIGURE 21. SCHEMATIC OPTIFINE INSTRUMENT SETUP. 
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the magnification factor from the microscope accounted for. To acquire a grain size representative of the entire 

sample four different frames of grains, two on each side along a specified distance from the centre of the 

samples, were analysed per sample. The average grain size of all four images where recorded as the sample’s 

grain size. 

3.5. MELT PREPARATION 
Solid aluminium was weighed in, typical weights were about 4.5 kg, and added to a silicon carbide (SiC) crucible 

fitted in a resistance furnace. The aluminium was melted in the furnace and heated. Once the aluminium had 

become liquid a thermocouple protected by an alumina tube and an alumina tube connected to an argon gas 

source was inserted into the melt. The melt was then continuously degassed using argon with a flow rate of 0.13 

L/min, to remove impurities and entrapped hydrogen from the melt, and heated until the thermocouple 

registered a stable melt temperature of about 750°C. Degassing was employed throughout the whole test cycle. 

A schematic image of the setup can be seen in Figure 23. 

When the temperature had reached 750°C an analysis sample was taken. This was done by immersing a 15 ml 

stainless steel crucible in the melt and filling it. 

The collected melt was then poured into a room tempered steel mould where it solidified rapidly. The sample 

was removed from the mould and cooled in water. Typical sample weight was 30 g. The bottom of the sample 

was wet grinded using a P180 grit size sandpaper and the bottom surface was then analysed in the spectrometer. 

Four separate sparks where analysed using the spectrometer and the average value of these was recorded as 

the composition. The results from the spectrometer analysis together with the weight of the aluminium melt, 

minus the sample weight, was used to calculate the amount of titanium alloy need to increase the titanium 

concentration to a predetermined value.  

The 6 % Ti master alloy was cut into the correct weight previously calculated and added to the melt. The master 

alloy was allowed to dissolve into the melt for at least 10 minutes before a second 15 ml sample was taken 

following the same procedure as the first. The spectrometric analysis of this sample was used to confirm that the 

melt composition corresponded to the predetermined titanium concentration. If the titanium concentration was 

too low more titanium alloy was added to the melt following the same procedure as the first addition. If the 

concentration adequately conformed with the predetermined value, the melt was deemed usable. The surface 

was scraped clean of dross before sampling was started. 

3.6. SAMPLING PROCESS 
The melt was held at a temperature 750 +/-2 °C during the entirety of the sampling process. 

Sampling was conducted by submerging the crucible, covered in boron nitride, into the aluminium melt and filling 

it to the brim. The filled crucible was then carefully removed from the melt and a previously weighed in amount 

of grain refiner was added to it. The amount of grain refiner to be added was calculated using the known amount 

of liquid aluminium in a full crucible to acquire the correct addition rate. The crucible was then placed in the melt 

FIGURE 23. SETUP OF FURNACE CRUCIBLE. 
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again, now keeping the brim just above the melt surface as to not contaminate the melt with refiner, to maintain 

the temperature at 750°C. The melt in the sample crucible was then stirred using a 2 mm diameter steel rod for 

15 seconds. This was done to evenly distribute the grain refiner particles. The crucible was then allowed to remain 

in the melt for 45 additional seconds, with stirring during the last 15 seconds to redistribute the particles 

homogenously in the melt, before being taken out of the melt and placed on a 13 mm thick Fiberfrax blanket to 

cool. The solidification time for the sample was known to be about 4.5 minutes after being placed on the Fiberfrax 

blanket. A total time of at least 10 minutes was allowed, after placing of the crucible on the Fiberfrax blanket, 

before the sample was quenched in 15°C water. The sample was then weighed, and the addition rate calculated 

using the sample weight and the known amount of added grain refiner. 

3.7. SAMPLE PREPARATION 
All grain size measurements were performed on cross-sections of the samples, which were exposed by sawing 

the samples through the center along the vertical axis. The surface was then prepared for grain size analysis using 

a wet grinder, first with a P180 grit size sandpaper and then with a P800 grit size sandpaper. The sample was 

then rinsed with water and polished using a polishing liquid containing 120 ml distilled water, 100 ml ethylene 

glycol monobutyl ether, 700 ml ethanol mixed together with 80 ml perchloric acid. This liquid is the same as the 

Electrolyte A2 liquid commercially available. After polishing, the samples were washed with water, to remove 

any remaining polishing fluid, and then anodized with a solution containing 5 vol% of a 48% w/w HBF4 and 

distilled water. The anodized sample was then rinsed with water and dried using compressed air. The sample 

surface could then be analysed using the Optigrain setup and software as descried in section 3.4. 

The grain size was measured at the bottom of the sample at half the sample radius, which was marked using a 

ruler and a sharp knife, unless otherwise specified. 

3.8. CALIBRATION SAMPLES FOR THE SPECTROMETER 
Samples with different addition rates of grain refiner were produced to be used as calibration samples for the 

titanium and boron content recorded by the spectrometer. This was done to continuously determine the 

accuracy of spectrometric produced data. 

A melt prepared without any addition of titanium was used and sampling was conducted using a 65 mm diameter 

crucible (see Figure 20) according to the sampling process described in section 3.6. The melt sample was poured 

into two room temperature 35mm diameter crucibles (see Figure 20) which were directly quenched in 15°C water 

to speed up cooling. After the samples had solidified, they were removed from the moulds and labelled with a 

sample number and a letter. Four different addition rates using grain refiner A were produced this way, 

generating eight samples labelled as seen in Table 3. 

A small piece was removed from the bottom of each sample and sent to an analysis lab where it was analysed 

for content concentrations using SF ICP-MS. The results from the analysis were recorded as the true values for 

each sample and used for calibration. The values reported by the analysis lab is can be seen in Table 3. 

TABLE 3. ADDTION RATES AND CONCENTRATIONS FROM SF ICP-MS. 

Sample # Crucible Addition rate (kg/t) Ti (ppm) B (ppm) 

1 A 0 41.2 3.1  
B 0 42.2 2.5 

2 A 0.2 79.5 5.1 

 B 0.2 81.1 4.9 

3 A 0.4 117 6.9 
 B 0.4 119 6.8 

4 A 0.8 192 9.7 

 B 0.8 194 9.9 
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3.9. COOLING METHODS 
The effect of different cooling methods on grain size was examined to determine which method was most 

suitable for the analysis of grain refiners. The final grain size and cooling rate was examined for three different 

cooling procedures: 

▪ Water cooling 

▪ Air cooling 

▪ Fiberfrax cooling 

A melt prepared with a titanium concentration of 235 ppm was used for the grain size experiments and sampling 

was conducted with a 50 mm diameter crucible (see Figure 20). The sampling process followed the description 

in section 3.6, with the cooling part being exchanged for one of the three the cooling methods described in the 

next section. Grain refiner A was used for all additions in the tests. 

Five samples per cooling method where taken. After the samples had solidified, they were removed from the 

crucible and weighed before being cut along the centre axis and glued together in pairs (sample 1 to sample 2, 

etc.) as shown in Figure 24. The samples centre surface where thereafter prepared according to the sample 

preparation described in section 3.7 to be able to analyse the grain size. 

The cooling rate for each cooling method was examined by using a K-type thermocouple coupled to a Picolog 

data logger. The thermocouple, protected by an alumina tube, was inserted into the centre of a crucible about 

10 mm from the bottom (see Figure 25). The crucible with the thermocouple was then lowered into the melt and 

filled with aluminium. Data collection was started when the crucible had been filled with aluminium, it was 

thereafter removed from the melt and placed in the appropriate cooling method setup and data logged until it 

had solidified. 

The temperature was recorded in volts and sampled at every 0.5 seconds. The cooling rate was measured twice 

for each method except the water-cooling method, which was only measured once, to allow for more precise 

results. 

3.9.1. WATER COOLING 

The crucible was transferred to the centre of a metal pot containing water at 15°C degrees and placed rapidly 

onto the bottom of the pot. The water reached about 75 % up the crucible walls. The crucible was held in place 

FIGURE 25. CROSS SECTION OF FILLED 50 MM CRUCIBLE WITH INSERTED THERMOCOUPLE. 

FIGURE 24. CUTTING AND GLUING SHCEME FOR 50 MM CRUCIBLE SAMPLES. 
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for 2 minutes, until the sample had completely solidified, and then placed on a sheet of Fiberfrax. The setup for 

the cooling method is illustrated in Figure 26. 

3.9.2. AIR COOLING 

The crucible was placed hanging in an air tunnel with an airflow of 190 m3/h and air temperature of 25°C for 5 

minutes and then placed on a sheet of Fiberfrax. The setup for the cooling method is illustrated in Figure 27. 

3.9.3. FIBERFRAX COOLING 

The crucible was positioned on 13 mm thick Fiberfrax blanket [42] placed on a table and left to cool for 10 

minutes. The setup for the cooling method is illustrated in Figure 28. 

3.10. SEDIMENTATION TEST 
A test of the tendency for TiB2 particles to sediment for both grain refiner A and B was conducted to investigate 

possible variances in the particles between the refiners. 

A melt prepared with a titanium concentration of 218 ppm was used and sampling was performed using the 35 

mm diameter crucible (see Figure 20) due to its height of 35 mm. 

Four samples were taken, two with grain refiner A and two with grain refiner B. One sample for each grain refiner 

was stirred during sampling while the other was not. The addition rates for each sample can be seen in Table 4. 

FIGURE 26. SETUP OF WATER-COOLING METHOD. 

FIGURE 28. SETUP OF FIBERFRAX COOLING METHOD. 

FIGURE 27. SETUP OF AIR-COOLING METHOD. (LEFT) CROSS-SECTION VIEW AND (RIGHT) TOP VIEW. 
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TABLE 4. ADDITION RATES AND PRESENCE OF STIRRING FOR THE SEDIMENTATION TESTS. 

Sample # Grain refiner Addition rate (kg/t) Stirring 

1 A 1,46 Yes 

2 B 1,47 Yes 

3 A 1,45 No 

4 B 1,50 No 

 
The crucibles to be used were preheated to 750°C in a resistance furnace, to not significantly lower the melt 

temperature when in contact, and then immersed in the 750°C liquid aluminium for sample taking. 

The sampling process followed that described in section 3.6, with the total holding time for each sample altered 

from 1 minute to 30 seconds. The stirred samples were stirred for the first 10 seconds and the last 5 seconds of 

the holding time. The unstirred samples had the added grain refiner carefully distributed across the surface in 

one circular motion using a steel rod. 

After solidification the samples were weighed before being cut from the top to the bottom along the centre axis, 

according to Figure 29, exposing the centre of the sample for analysis. The sample halves where thereafter glued 

together bottom to bottom in pairs (sample 1 to sample 2, etc.) and an analysis mark placed at half radius. The 

centre surface was then prepared according to the sample preparation described in section 3.7 to be able to 

analyse the grain size. 

The half of the sample not used for grain size measurements was cut perpendicular to the centre axis, removing 

the top and bottom part of the sample, as pictured in Figure 30. A small sample was cut from both parts and sent 

to be analysed for Ti and B content with SF ICP-MS. 

  

FIGURE 30. CUTTING SCHEME OF TOP AND BOTTOM REMOVAL FOR ANALYSIS. 

FIGURE 29. CUTTING AND GLUING SCHEME FOR 35 MM CRUCIBLE SAMPLES WITH ANALYSIS MARK. 
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3.11. TP-1 TEST 
The TP-1 test described in section 2.4.5 is one of the standardized tests for evaluating grain refiners and grain 

refiner efficiency and is widely used in the industry today. A test to determine whether the TP-1 test yielded 

significantly different results than the method described in section 3.6 was therefore performed to evaluate the 

differences. 

The test was carried out as close to the TP-1 test procedure described in section 2.4.5 as possible. The procedure 

normally utilizes melt sizes of 10 kg aluminium which is not workable in laboratory testing. It was therefore 

altered for testing on a smaller scale. This was achieved by adding the grain refiner directly to the filled TP-1 ladle 

(see Figure 16) instead of the melt crucible. The addition process was conducted as described in section 3.6, 

including stirring and total holding time. The amount of grain refiner to be added was calculated using the known 

weight of aluminium in a full TP-1 ladle. The ladle was then placed in the cooling system (see Figure 16) in 

accordance with the standardised test procedure and cooled with 15°C water for 5 minutes until the melt 

solidified. The sample was then removed from the ladle and weighed before being cut according to the standard 

procedure. The exposed sample surface was then prepared for grain size analysis following the process described 

in section 3.7. 

Five samples were taken using grain refiners A and B with addition rates as listed in Table 5. 

TABLE 5. ADDITON RATES FOR TP-1 TESTS. 

Sample # Grain refiner Addition rate (kg/t) 

1 A 1,93 

2 B 1,88 

3 A 2,01 
4 B 1,95 

5 A 2,01 
 

3.12. TITANIUM GROWTH RESTRICTION TEST 
To examine the growth restricting influence of titanium on grain refinement, three melts with different titanium 

concentration were prepared: 100, 170 and 240 ppm Ti. 

Sampling was conducted according to the sampling process described in section 3.6 using a 50 mm diameter 

crucible (see Figure 20) with varying grain refiner addition rates. Both grain refiner A and B were used for the 

additions. 

The addition rates used in the experiments can be seen in Table 6-Table 8. 

TABLE 6. ADDITION RATE AND GRAIN REFINER TYPE FOR 100PPM TITANIUM TESTS. 

Sample # Grain refiner Addition rate (kg/t) 

1 A 0,21 

2 B 0,20 

3 A 0,38 

4 B 0,37 
5 A 0,78 

6 B 0,75 

7 A 1,15 

8 B 1,15 

9 A 1,94 
10 B 1,93 
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TABLE 7. ADDITION RATE AND GRAIN REFINER TYPE FOR 170PPM TITANIUM TESTS. 

Sample # Grain refiner Addition rate (kg/t) 

1 A 0,20 

2 B 0,19 

3 A 0,38 

4 B 0,41 

5 A 0,78 
6 B 0,77 

7 A 1,24 

8 B 1,22 

9 A 2,07 

10 B 2,00 
 

TABLE 8. ADDITION RATE AND GRAIN REFINER TYPE FOR 240PPM TITANIUM TESTS. 

Sample # Grain refiner Addition rate (kg/t) 

1 A 0,19 

2 B 0,20 
3 A 0,54 

4 B 0,60 

5 A 0,74 

6 B 0,85 

7 A 1,21 
8 B 1,12 

 
When a sample had solidified it was removed from the crucible and weighed before being cut from top to bottom 

along the centre axis, as illustrated in Figure 24, exposing the centre surface of the sample for analysis. The 

sample halves where thereafter glued together bottom to bottom (sample 1 to sample 2, etc.) for more efficient 

preparation. They were thereafter prepared according to the sample preparation described in section 3.7 for 

grain size analysis. 
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4. RESULTS 

4.1. COOLING METHODS 
The cooling rate at the centre of the sample for the different cooling methods was determined using the time 

and voltage data recorded by the K-type thermocouple. In a plot of Voltage against time, as seen in Figure 31, 

the slope of the curve preceding the thermal arrest zone equals the cooling rate in volts per second. The slope 

was approximated by a straight line. 

The cooling rate was converted from volts to Celsius using the K-type thermocouple equation in Appendix B: K-

type thermocouple equation, and the results for each measurement in Celsius per second were tabulated in 

Table 9. 

TABLE 9. COOLING RATES CONVERTED TO CELSIUS PER SECOND FOR EACH COOLING METHOD SAMPLE. 

 Water Air Air Fiberfrax Fiberfrax 

Cooling rate 15.97 C°/s 2.07 C°/s 2.42 C°/s 1.47 C°/s 1.48 C°/s 

 
The cooling rates were averaged over each method and the average considered to be the cooling rate for the 

method. This produced cooling rates of 16.0 C°/s for water cooling, 2.2 C°/s for air cooling and 1.5 C°/s for 

Fiberfrax cooling, when rounded to the first decimal. 

The grain structure produced by the different cooling methods can be seen in Figure 32, were the exposed grains 

from one sample representing each cooling method is pictured. 

FIGURE 31. ILLUSTRATION OF ONE OF THE ACQUIRED COOLING CURVES WITH FITTED STRAIGHT LINE MARKED. 

FIGURE 32. PICTURE OF GRAIN PRODUCED BY (LEFT) WATER (MIDDLE) AIR AND (RIGHT) FIBERFRAX COOLING. 



32 
 

Figure 32 shows that the water-cooling method produced columnar grains originating from mould walls while 

the air and Fiberfrax cooling methods produced equiaxed grains from the TiB2 particles. The water cooling was 

deemed unsuitable due to the formed columnar grain structure and no further analysis of the water-cooled 

samples was performed. The samples cooled using air and Fiberfrax cooling were analysed with respect to grain 

size and the results tabulated in Table 10. 

TABLE 10. GRAIN SIZE AND EFFICENCY FOR THE DIFFERENT COOLING METHOD SAMPLES. 

# Cooling method Addition rate (kg/t) Grain size (µm) Efficiency 

6 Air 0,208 157 124 

7 Air 0,203 154 135 

8 Air 0,191 167 113 

9 Air 0,191 153 146 

10 Air 0,192 144 174 

11 Fiberfrax 0,187 152 153 

12 Fiberfrax 0,197 153 142 

13 Fiberfrax 0,199 149 152 

14 Fiberfrax 0,186 161 129 

15 Fiberfrax 0,196 159 127 

 
Statistical analysis was performed on the grain sizes and efficiencies in Table 10. This included calculations of the 

mean of both efficiency and grain size, as well as the standard and relative standard deviation of the efficiency. 

The results are presented in Table 11. 

TABLE 11. RESULTS FROM STATISTICAL ANLAYSIS OF GRAIN SIZE AND EFFICIENCY FOR AIR AND FIBERFRAX COOLING METHODS. 

 Air Fiberfrax 

Sample mean (grain size) 155,0 154,8 

Sample mean (efficiency) 138 140 

Standard deviation (efficiency) 23,59 12,34 

Relative standard deviation (efficiency) 17,06 8,78 
 

The standard deviation and relative standard deviation of the efficiencies displayed lower values for the Fiberfrax 

method. The Fiberfrax method was therefore concluded to be the most suitable cooling method in terms of 

result reproducibility and was used in all subsequent tests. 

4.2. SEDIMENTATION 
The grain size, as well as the titanium and boron concentrations measured by SF ICP-MS, of the sedimentation 

tests is presented in Table 12. 

TABLE 12. GRAIN SIZE AND SF ICP-MS DATA COLLECTED FROM THE SEDIMENTATION TESTS. 

 Top (ppm) Bottom (ppm) 

# Refiner Addition rate (kg/t) Grain size (µm) Efficiency Stirring Ti B Ti B 

1 A 1,45 194 9 No 181 1,85 272 19,9 

2 B 1,50 237 5 No 224 2,76 244 14 

3 A 1,46 116 44 Yes 212 11,8 284 14,7 

4 B 1,47 192 10 Yes 225 11,8 268 12,5 
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The data from Table 12 shows how the grain size varies with bottom boron concentration and have been plotted 

in Figure 33. 

The data from Table 12 have also been plotted as a bar graph in Figure 34 to illustrate the influence of stirring 

on boron concentration in the top and bottom parts of the sample. 

4.3. TP-1 TEST 
The resulting grain sizes and efficiencies attained from the TP-1 tests are shown in Table 13. 

TABLE 13. GRAIN SIZE AND EFFICIENCY PRODUCED BY THE TP-1 TEST PROCEDURE. 

# Refiner Addition rate (kg/t) Grain size (µm) Efficiency 

1 A 1,93 69 158 

2 B 1,88 141 19 

3 A 2,01 66 173 

4 B 1,95 181 9 

5 A 2,01 67 165 

 

FIGURE 33. GRAIN SIZE PLOTTED AGAINST BOTTOM BORON CONCENTRAION FROM THE SEDIMENTATION DATA. 

FIGURE 34. BORON CONCENTRATION IN TOP AND BOTTOM SEDIMENTATION SAMPLES FOR GRAIN REFINER A AND B. 
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4.4. TITANIUM GROWTH RESTRICTION TEST 
The grain size produced using both grain refiner A and B was plotted against the addition rate for each titanium 

concentration. The corresponding efficiency was also plotted against the addition rate separately. The results 

are presented in Figure 35-Figure 37. 

Fitted to each data set in the figures is also a trendline in the shape of 𝐴 ln(𝑥) + 𝐵, with a goodness of fit >90% 

in all sets, to better visualise the relationship between addition rate and grain size/efficiency. These plots 

visualise the influence of different grain refiners on grain size.  

FIGURE 36. GRAIN SIZE (LEFT) AND EFFICENCY (RIGHT) PLOTTED AGAINST ADDITION RATE AT 170PPM TITANIUM CONCENTRATION. 

FIGURE 35. GRAIN SIZE (LEFT) AND EFFICENCY (RIGHT) PLOTTED AGAINST ADDITION RATE AT 100PPM TITANIUM CONCENTRATION. 
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The grain size is plotted against addition rate at each titanium concentration, as well as their respective trendline, 

for grain refiner A and B separately in Figure 38-Figure 39. These plots illustrate the influence of titanium 

concentration on grain size. 

  

FIGURE 37. GRAIN SIZE (LEFT) AND EFFICENCY (RIGHT) PLOTTED AGAINST ADDITION RATE AT 240PPM TITANIUM CONCENTRATION. 

FIGURE 38.GRAIN SIZE PLOTTED AGAINST ADDITION RATES FOR DIFFERENT TITANIUM CONCENTRATIONS USING GRAIN REFINER A. 
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The data used for plotting is available in Appendix C: Data for titanium growth restriction tests. 

  

FIGURE 39. GRAIN SIZE PLOTTED AGAINST ADDITION RATES FOR DIFFERENT TITANIUM CONCENTRATIONS USING GRAIN REFINER B. 
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5. DISCUSSION 
The discussion is divided into five parts, the first three parts focusing on one of the parameters influencing 

grain size: cooling rate, nucleant particle properties, and growth restriction. The last parts of the discussion are 

dedicated to environmental aspects of the use and production of Ti/B grain refiners, and to error sources 

influencing obtained results. 

5.1. COOLING RATE 
The results from the different cooling method described in section 3.9, evaluating the influence of cooling rate 

on grain size, revealed two central dependencies. Firstly, that the water cooling method resulted in columnar 

grains emanating from the mould wall, as seen in Figure 32(left), instead of the desired equiaxed grain structure 

as in Figure 32(middle, right). A higher cooling rate generally leads to a smaller grain size, but the concentration 

of nucleant particles was too low to suppress the formation of columnar grains in this test. This observation is in 

line with what has been shown in previous studies [15]. The water-cooling method is therefore an unsuitable 

cooling method for grain size analysis in this case. 

Secondly, that a cooling rate of about 2.2 C/s (the average cooling rate for air cooling) and below produced a 

grain size solely dependent on nucleant particle properties and growth restriction in the system. This is an 

outcome of the grain size analysis performed on the air and Fiberfrax cooled samples which showed that despite 

a difference in cooling rate (see Table 9 ) the grain size and efficiency produced by each method, as evident from 

Table 10-Table 11, are in close agreement with each other. This indicates that while a higher cooling rate leads 

to a finer grain size there exists a minimum cooling rate were below a higher cooling rate does not affect grain 

size noticeably when compare to a lower cooling rate. 

The experimentally produced results indicate that a cooling rate of 2.2 C/s and below is within this minimum and 

therefore it does not influence the final grain size noticeably, leaving the resulting grain sizes and efficiencies of 

both the air and Fiberfrax cooling methods a result of solely nucleant particle properties and total growth 

restriction in the system. This type of system, with negligible influence from cooling, allows for the influence of 

other parameters on grain size to become more distinct. 

The TP-1 test is, as mentioned in section 2.4.5, constructed to reproduce the environment present during DC 

casting on a smaller scale. As DC casting possess a high cooling rate so does the TP-1 test. At the 38 mm cross 

section, were the grain size analysis is performed, the cooling rate is about 4 °C/s according to literature [39]. 

Comparing the efficiencies produced by grain refiner A in the TP-1 tests with the ones produced in the cooling 

method tests (see Table 13) reveals that the TP-1 test yields both a smaller grain sizes and a higher efficiency. 

Since the TP-1 test utilizes a larger addition rate than what is used in the cooling method tests the smaller grains 

size is expected. The higher efficiencies are unexpected since a higher addition rate is linked to a lower efficiency 

as evident from the relationships in Figure 35-Figure 37(left). This anomaly is a consequence of the higher cooling 

rate in the TP-1 test, which decreases grain size and increase efficiency. 

The TP-1 test is frequently used as quality control in in the industry by producers of Ti/B grain refiners. While the 

test aptly reproduces the environment of DC casting the grain refiners approved by it are also applied to other 

types of casting processes having different conditions and cooling rates. Should a grain refiner approved by the 

TP-1  test be used in a process involving lower cooling rates than what is present in the test, in which the grain 

size is influenced by the cooling rate, the resulting grain size would be larger than the test result. As such, grain 

refiners approved through the TP-1 test method are not applicable in all processes. The TP-1 test therefore makes 

a poor test for quality control as the results are not universal. The grain refiners approved only perform as 

predicted at cooling rates similar, or higher, to that of the TP-1 test. 
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The results from the TP-1 tests also show the acquired grain size and efficiency can vary greatly between two 

tests for a grain refiner with low grain refiner efficiency such as grain refiner B (see Table 13). As the results are 

not conclusive the test risks approving grain refiners which should not be used. This further indicates that the 

test is not suitable for quality control. 

The results from the cooling method tests demonstrates that a method utilizing a cooling rate below a certain 

minimum produces grain size depend solely on nucleant particle and growth restriction. The tests were 

constructed to keep the growth restriction equal among tests for each method resulting in the grain sizes and 

efficiencies only differing as a consequence of nucleant particle properties. This can be applied to the evaluation 

and quality testing of Ti/B grain refiners which have been shown to be capable of producing different grain sizes 

despite identical production processes [2], suggesting that the only parameter separating them is nucleant 

particle properties. By using a test method with low cooling rate, and were the growth restriction remains 

constant between test, the difference between produced grain refiner and their ability to produce grains would 

be easier to discern, easier to distinguish between high and low efficiency grain refiners. The approved Ti/B grain 

refiners from such a test would be applicable no matter the cooling rate it is subjected to during processing. 

5.2. NUCLEANT PARTICLE PROPERTIES 
By examining the influence of stirring on grain size and boron concentration in tall crucibles the distribution of 

particles due to gravity could be discerned. The experiment was performed to see if a low efficiency is linked to 

larger particles as hypothesised in this study. The experiment resulted in the relationships depicted in Figure 33 

and Figure 34. 

Figure 34 reveals that, compared to stirring, not stirring is coupled to a higher bottom boron concentration for 

both grain refiner A and B. As all boron in the sample is present in the form if TiB2 particles this is equivalent to 

an increase in bottom TiB2 concentration. This is an example of fade (as mentioned in section 2.4.1) were the 

heavy TiB2 particles sink to the bottom without the influence of stirring, creating an inhomogeneous particle 

distribution in the sample. 

Figure 33 shows that the grain size, recorded at the bottom of the samples, is smaller in the stirred samples than 

the unstirred for both grain refiners. Since the boron concentration for the stirred samples is lower than the 

unstirred, as discussed above, this observation indicates that a higher boron concentration results in a larger 

grain size. As all boron is present in the form of TiB2 particles, supplied by the added Ti/B grain refiner, this is 

equivalent to a higher TiB2 concentration resulting in a larger grain size. This suggests that more sites for 

heterogenous nucleation would results in fewer nucleation events, which contradicts the fact that an increase in 

particle concentration decreases grain size. 

An explanation to this deviation can be made by considering the nucleant particle potency discussed in section 

2.4.3. Grain refiners possess a particle size distribution, as pictured in Figure 15, and when left to sediment the 

larger heavier particles concentrate at the bottom to a larger extent than the smaller lighter particles creating a 

particle distribution inhomogeneity. These larger particles possess a higher potency for nucleation resulting in 

nucleation events occurring at these particles before the smaller low potency particles. The latent heat emitted 

by the subsequent growth of the solid phase on these high potency nucleants supress the nucleation of the 

smaller low potency particles. As there are fewer large nucleant particles present in a grain refiner (see Figure 

15) than small ones this creates a large grains size at the bottom while the high boron concentration is due to 

the large number of unnucleated smaller particles also present. As the unnucleated particles do not contribute 

to grain size they are effectively present as impurities in the solid. 

From Figure 33 a difference between grain refiner A and B in terms of grain size and bottom boron concentration 

can be observed. Both grain refiners exhibit fade when unstirred and a larger grain size at higher boron 

concentration, but grain refiner A continuously have a higher boron concentration and a smaller grain size 

compared to grain refiner B under the same conditions. Both grain refiners are produced identically via the salt 
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reaction route and have been tested by the TP-1 method. Yet they display significant differences in their ability 

to produce small grains under the same conditions, something which have been observed before [2]. As the grain 

refiners are exposed to identical cooling rate and growth restriction this difference in grain size is assumed to 

originate from a difference in the properties of the nucleant particles present in the grain refiner. However, no 

proof of this could be shown by the results produced in this study. 

5.3. GROWTH RESTRICTION 
Figure 35-Figure 37 depict how grain size and efficiency varies with addition rate at different melt titanium 

concentrations for both grain refiners. They illustrate the dependency of grain size on the number of available 

nucleation sites, which is increased with higher addition rates. By examining the results presented in Figure 35-

Figure 37(right) it is clear that at the same titanium concentration and addition rates grain refiner A and B 

produce different grain sizes, with grain refiner A continuously producing a smaller grain size compared to grain 

refiner B. Figure 35-Figure 37(left) shows this difference in the terms of efficiency, which is related to grain size 

via Equation 10. 

The trendlines fitted to the data in Figure 35-Figure 37(right) shows that an increase in addition rates yields a 

decrease in grain size as stated in section 2.4.6. The trendlines approaches a minimum grain size at high addition 

rates at which an increase in addition rate no longer yields a noticeable decrease in grain size. The figures also 

show that while it is possible to decrease the grain size by increasing the addition rate, it is impossible to decrease 

the grain size of grain refiner B to the same minimum as grain refiner A since the lines never intersect. Grain 

refiner A is therefore consequently better than grain refiner B. 

While it is possible to achieve a smaller grain size by increasing the addition rate Figure 35-Figure 37(left) shows 

that an increase in addition rate is coupled with a decrease in efficiency. A decrease in efficiency is equivalent to 

a lower percentage of added nucleants acting as sites for nucleation. Achieving a smaller grain size by increasing 

the addition rate is possible but the consequent decreases in efficiency resulting in a larger number if 

unnucleated particles which are essentially being wasted as they do not contribute to the grains size. 

Unnucleated particle act as impurities in the solidified products and can be detrimental to mechanical properties 

product as stated in section 2.4.6. 

In Figure 38-Figure 39 the same data as in Figure 35-Figure 37(right) data has been plotted with the grain refiners 

separated to better illustrate the effect of titanium concentration. As titanium is the most potent growth 

restricting element for aluminium (see Table 1) the grain size shows a significant relation with added amount of 

titanium. The relationship that higher titanium concentrations, contributing to a larger growth restriction in the 

system, produce smaller grains is evident from the figures. As the grain size decreases with increased titanium 

concentrations more particles are able to nucleate per unit volume. This leads to an increase in efficiency being 

coupled to an increase in titanium concentration. Addition, or an increase in addition, of titanium consequently 

decreases grain size while simultaneously increasing efficiency due to an increase in growth restriction. 

Figure 38-Figure 39 also reveal the relationship that while increasing addition rate and titanium concentration 

decreases the grain size, a low quality grain refiner will always require more additions than a high quality grain 

refiner to acquire the same grain size. 

5.4. ENVIRONMENTAL ASPECTS 
With aluminium being one of the most produced metals on earth the process of grain refinement impacts many 

aspects. Grain refinement via Ti/B grain refiners are a central part in the production of aluminium products today, 

and their production and usage affect these same aspects. 

The production of Ti/B grain refiner mainly occur via the salt reaction route described in section 2.4.2. The 

amount of grain refiner needed is dependent on the world production of aluminium. Extrapolating using the data 

from [13] the yearly world production of primary aluminium can now be assumed to 67 million tonnes. Factoring 
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in a secondary aluminium production of about a third of the total yearly production of aluminium would bring 

the total to 100 million tonnes. Assuming that all aluminium produced is grain refined using Ti/B grain refiners 

with an addition rate of 2 kg/tonne the production of grain refiners would need to be 200 thousand tonnes per 

year to satisfy the yearly requirement. 

Producing 200 thousand tonnes of Ti/B grain refiner via the dominant salt reaction route requires large amount 

of fluoride salts. As stated in section 2.4.2 about 270-370 kilograms of fluoride salts are required to produce one 

tonne of grain refiner, depending on Ti/B composition. Producing 200 tonnes of grain refiner would then require 

an estimate of 55-75 thousand tonnes fluoride salts. As the salt reaction emits fluorides into the atmosphere 

minimising the use of this process is desirable. 

Producing 200 thousand tonnes of Ti/B grain refiner also requires about 200 thousand tonnes of primary 

aluminium. Both the Bayer process and the Hall-Héroult used in primary aluminium production are linked to 

emissions which are harmful to the environment and human health (see section 2.1.2 for details). The Hall-

Héroult process also have high energy requirements and depending on energy source additional emissions are 

coupled to the process. From both an environmental and anthropological perspective minimising the use of these 

processes is desirable. 

The Ti/B grain refiners produced today via the salt reaction route are known to be of varying quality. A high-

quality grain refiner, an ideal grain refiner, would have a high efficiency as this would optimise the grain size to 

addition rate relation. This can be achieved by having a grain refiner consisting only of TiB2 particles of the same 

size. These particles would all nucleate at the same undercooling since they possess the same potency. All added 

particles would then act as sites for nucleation, maximising the efficiency. The homogeneous size of the particles 

is more important than what size these particles are, but a smaller size would be less likely to negatively affect 

product properties. 

If there is a way to produce such an ideal grain refiner its usage would significantly impact the industry. This can 

be demonstrated using the grain size equation (see Equation 9). With the assumption that the same size particles 

have a diameter of 0.2 µm (the most common diameter according to  Figure 15) and the efficiency set to 1 since 

all particles nucleate, an ideal 3/1 grain refiner used to create a grain size of 100 µ would be needed an addition 

rate of 4.8*10-5 kg/tonne. Compared to the common addition rate of 2 kg/tonne, which creates varying grain 

sizes dependent of process involved, this addition rate is significantly smaller. The yearly world production of 

aluminium could be grain refined by a total of 4.8 tonne ideal grain refiner. 

The ideal grain refiner is optimal due to its maximised efficiency, achieved by the single particle diameter. In lieu 

of finding a way to create a single particle diameter grain refiner, which is not the aim of this study, a way to 

increase the efficiency of existing grain refiners would optimise the addition rate. This would imbue some of the 

positive consequences of using an ideal grain refiner described above. Optimising addition rate (as described in 

section 2.4.6) would lower the amount of grain refiners used in many processes. This would in turn decrease the 

amount of grain refiner used, lowering the amount of fluoride salts and emissions from primary aluminium 

needed for production. 

While the grain size equation introduced cannot predict grain size for any process from input parameters it can 

be used for screening of produced grain refiners. Produced grain refiners would be graded on their efficiency 

factor and grain refiners of higher quality, i.e. a higher efficiency factor, could be used in processes sensitive to 

grain refiner quality. 

5.5. ERROR SOURCES 
All cooling rates recorded are measured at the centre of the sample. This corresponds to the location of lowest 

cooling and other parts of the sample are subjugated to a higher cooling rate, in particular the areas close to the 

mould walls. The cooling rates recorded are therefore the minimum cooling rate experienced by the sample. 
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The influence of operator induced errors are prevalent during the stirring part of the sampling process and during 

grain size analysis when determining grain boundaries.  All samples may not be stirred equally, which can 

introduce differences in particle distribution, and all grain boundaries may not be marked correctly, generating 

a smaller or larger grain size in the sample than the actual grain size. Operator induced errors is minimised by 

having the same operator for all experiments.  
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6. CONCLUSIONS

The three parameters affecting grain size examined in this study are cooling rate, nucleant particle properties 

and growth restriction. The investigation how these parameters affect the ability of TiB2 particles to produce 

small equiaxed grains in aluminium yielded a number of conclusions presented in this chapter. The chapter is 

divided into four parts, one for each of the three parameters and one covering the conclusions related to the 

optimisation of grain refiner addition. 

6.1. COOLING RATE 
The influence of cooling on grain size showed that while a difference in cooling rate produce a difference in grain 

size, with higher cooling rate leading to a smaller grain size, there is a minimum cooling rate wherein this 

difference is negligible. The study concluded that a cooling rate of 2.2°C/s and below is within this minimum. 

When cooling rates within this minimum is used, any difference in grain size is a consequence of other 

parameters affecting grain size. 

The study into cooling and its effect on grain size included the TP-1 test procedure. From the results gathered 

the test procedure is shown to be inappropriate for quality testing of grain refines. The high cooling rate of the 

test influence the grain size to such a degree that grain refiners tested by this method are likely to behave 

differently at cooling rates lower than that present in the test. The TP-1 results are consequently not applicable 

for all the different cooling rates present in the industry. The test is also shown to struggle to reproducing results 

when lower efficiency grain refiners are assessed, which allows low efficiency grain refiners to be incorrectly 

identified as higher efficiency. The subsequent use of these risks resulting in lower quality end products. It is 

suggested that a new test procedure which minimises the influence of cooling, such as the one described in this 

study, replace the TP-1 test in this regard. 

6.2. NUCLEANT PARTICLE PROPERTIES 
The results from the sedimentation experiment reveal how nucleant particle properties effect grain size. Results 

from the experiment showed that an increase in TiB2 concentration is not always equal to a smaller grain size, 

contradictory the previous studies. A higher concentration of TiB2 particles can lead to a decrease in grain size. 

This is concluded to be a consequence of particle size, were large TiB2 particles are more potent sites for 

nucleation. The growth of the solid phase on the large particles suppress further nucleation events on smaller 

particles. 

The hypothesis that grain refiners with low efficiency possess a higher degree of large high potency particles than 

high efficiency grain refiners was disproven by the sedimentation test. No conclusion as to what separates a low 

and high efficiency refiner from each other based on particle size distribution could be drawn from the results. 

6.3. GROWTH RESTRICTION 
The titanium experiment showed that there is a clear increase in ability to produce a smaller grain size when the 

titanium concentration in a system is increased. This is linked to the increase in growth restriction an increase in 

titanium concentration yield. While other elements can be used for increasing growth restriction, titanium 

optimises the growth restriction achieved in a system relative to its concentration. 

6.4. OPTIMISATION 
One of the aims of this study was to introduce a way to optimise addition rates to minimize the overuse of grain 

refiners currently prevalent in the industry. Utilizing the results from the investigation into the parameters 

influencing grain size some general conclusions about optimisation can be drawn. 

The optimal addition rate is achieved at a high cooling rate, a high growth restriction, and use of a single particle 

size distribution ideal grain refiner. This optimal addition rate would result in the same final grain size as higher 
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addition rates. While it is theoretically possible to alter the cooling rate for optimisation, it is essentially 

impossible to change in industrial processes. As the cooling rate cannot be altered, optimisation is achieved by 

manipulating growth restriction and efficiencies of grain refiners. A useful tool for optimisation is the new 

definition of efficiency introduced. This definition of efficiency can be used for optimisation of addition rates as 

well as for comparison between different grain refiners.  

The study also sought to create a model for determining optimum addition rates from known input parameters. 

The grain size equation introduced have potential, but the varying efficiencies of grain refiners presents a 

difficulty. As the hypothesis that a low efficiency grain refiner possesses more large particles than high efficiency 

grain refiner was disproven, the reason for this difference remains unknown. To create a comprehensive model 

predicting grain size from known parameters this difference in ability to produce grains needs to be addressed. 

The grain size equation can be used as is to grade produced grain refiners, creating a way of separating low and 

high efficiency grain refiners from each other.  
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APPENDIX A: SEDIMENTATION SF ICP-MS DATA 
Data acquired for boron and titanium concentrations using SF ICP-MS from top and bottom of the sedimentation 
samples.  

1 Top 2 Top 3 Top 4 Top 1 Bottom 2 Bottom 3 Bottom 4 Bottom 

B (ppm) 1.85 2.76 11.8 11.8 19.9 14 14.7 12.5 

Ti (ppm) 181 224 212 225 272 244 284 268 

APPENDIX B: K-TYPE THERMOCOUPLE EQUATION 
Constants 

c0 = 0 c5 = -0.01228034·103 

c1 = 25.08355·103 c6 = 0.000980404·103 

c2  = 0.07860106·103 c7 = -4.41303E-05·103 

c3 = -0.2503131·103 c8 = 1.05773E-06·103 

c4 = 0.0831527·103 c9 = -1.05276E-08·103 

 
𝐾 = 𝑐0 + 𝑐1𝑉 + 𝑐2𝑉2 + 𝑐3𝑉3 + 𝑐4𝑉4 + 𝑐5𝑉5 + 𝑐6𝑉6 + 𝑐7𝑉7 + 𝑐8𝑉8 + 𝑐9𝑉9 

 
Were 𝑉 is the voltage in volts per second and 𝐾 is the temperature in Kelvin per second. The temperature in 

Kelvin per second is the same as the temperature in Celsius per second. 

APPENDIX C: DATA FOR TITANIUM GROWTH RESTRICTION TESTS 
Data for 100ppm titanium concentration test. 

Sample # Refiner Addition rate (kg/t) Grain size (µm) Efficiency 

1 A 0,21 221 22 

2 B 0,20 291 10 

3 A 0,38 199 17 

4 B 0,37 263 7 

5 A 0,78 175 12 

6 B 0,75 249 4 

7 A 1,15 158 11 

8 B 1,15 249 3 

9 A 1,94 144 9 

10 B 1,93 234 2 

 
Data for 170ppm titanium concentration test. 

Sample # Refiner Addition rate (kg/t) Grain size (µm) Efficiency 

1 A 0,20 160 62 

2 B 0,19 223 23 

3 A 0,38 153 37 

4 B 0,41 219 12 

5 A 0,78 132 28 

6 B 0,77 210 7 

7 A 1,24 125 21 

8 B 1,22 201 5 

9 A 2,07 112 17 

10 B 2,00 193 3 
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Data for 240ppm titanium concentration test. 

Sample # Refiner Addition rate (kg/t) Grain size (µm) Efficiency 

1 A 0,19 119 154 

2 B 0,20 203 29 

3 A 0,54 109 71 

4 B 0,60 174 16 

5 A 0,74 105 58 

6 B 0,85 169 12 

7 A 1,21 101 40 

8 B 1,12 166 10 

APPENDIX D: GRAIN SIZE EQUATION 
Nomenclature 

CB Concentration of B (ppm) vTiB2 Volume of one TiB2 (cm3) 
CTiB2 Concentration of TiB2 (ppm) VTiB2 Total volume of TiB2 (cm3) 
VTiB2 TiB2 volume (cm3) rTiB2 Radius of a TiB2 crystal (µm) 

TiB2 TiB2 density, 4.48 (g/cm3) dTiB2 Diameter of a TiB2 crystal (µm) 

mTiB2 Mass of TiB2 (g) eff Efficiency factor, between 0 and 1 
mAl Aluminium mass (g) NTiB2eff Total number of TiB2 nucleating an Al crystal 

Al Aluminium density, 2.7 (g/cm3) NV Total number of TiB2 acting as nuclei, per unit volume of Al 

NTiB2 Total number of TiB2 GS Aluminium grain size (µm) 

CB ppm B will tie up 2.2·CB ppm Ti since the stoichiometric weight relation between Ti and B is 2.2/1 in TiB2.The 

TiB2 phase is virtually insoluble in aluminium and therefore the concentration can then be expressed as:  

B
C

B
C

B
C

TiB
C =+= 2.32.2

2
(1) 

The mass of TiB2 can be calculated in two ways. The factor 10-6 is added since CB is given in ppm: 

222 TiBTiBTiB Vm = (2) 

AlBAlTiBTiB mCmCm == −− 66

22 102.310 (3) 

By rearranging (2) and (3) the expression for the total volume of the borides becomes: 

2

6

2

102.3

TiB

AlB

TiB

mC
V




=

−

(4) 

Assume that there are NTiB2 borides. These are flat hexagonal crystals with a long diameter dTiB2. According to [2] 

the thickness is 35 % of the long diameter.   

The volume of one boride will then be: 

𝑣𝑇𝑖𝐵2 = 3 ⋅
𝑑𝑇𝑖𝐵2

2

4
sin 60 ⋅ 0.35 ⋅ 𝑑𝑇𝑖𝐵2 = 𝑑𝑇𝑖𝐵2

3 ⋅
3⋅√3⋅0.35

8
(5) 

The total volume of the borides can then be expressed as: 
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𝑉𝑇𝑖𝐵2 = 𝑁𝑇𝑖𝐵2 ⋅ 𝑑𝑇𝑖𝐵2
3 ⋅

31.5⋅0.35

8
(6) 

Combining (3) and (4) gives: 

𝑁𝑇𝑖𝐵2 =
3.2⋅𝐶𝐵⋅10−6⋅𝑚𝐴𝑙⋅8

𝜌𝑇𝑖𝐵2⋅𝑑𝑇𝑖𝐵2
3 ⋅31.5⋅0.35

=
25.6⋅𝐶𝐵⋅10−6⋅𝑚𝐴𝑙

𝜌𝑇𝑖𝐵2⋅𝑑𝑇𝑖𝐵2
3 ⋅31.5⋅0.35

(7) 

Since not all borides are effective as nuclei an efficiency factor must be included in the equation, eff, which takes 

a value between 0 and 1: 

𝑁𝑇𝑖𝐵2,𝑒𝑓𝑓 =
25.6⋅𝐶𝐵⋅10−6⋅𝑚𝐴𝑙

𝜌𝑇𝑖𝐵2⋅𝑑𝑇𝑖𝐵2
3 ⋅31.5⋅0.35

⋅ 𝑒𝑓𝑓 (8) 

To acquire the number of borides per unit volume equation 8 needs to be divided by the volume of aluminium: 

Volume of aluminium: V
m

Al
Al

Al

=


(9) 

By dividing (8) with (9) the number of borides (or aluminium crystals) per unit volume is obtained: 

𝑁𝑉 =
25.6⋅𝐶𝐵⋅10

−6⋅𝜌𝐴𝑙

𝜌𝑇𝑖𝐵2⋅𝑑𝑇𝑖𝐵2
3 ⋅31.5⋅0.35

⋅ 𝑒𝑓𝑓 (10) 

The relation between grain size, GS, measured by the intercept method, and NV is given by [2] as: 

3

5.0

GS
NV = (11) 

This expression is derived from calculations based on a homogenous grain size. The crystals are close-packed, 

and the final form of the crystals is assumed to be a tetradecahedron. 

Combination of equations 10 and 11 gives: 

𝐺𝑆 = √
0.5

𝑁𝑉
=

3
√

0.5⋅𝜌𝑇𝑖𝐵2⋅31.5⋅0.35

25.6⋅𝐶𝐵⋅10
−6⋅𝜌𝐴𝑙⋅𝑒𝑓𝑓

3

⋅ 𝑑𝑇𝑖𝐵2 (12) 

Simplifying and introducing the values for the densities results in a general equation for the grain size: 

𝐺𝑆 = 38.9 ⋅ √
1

𝐶𝑏⋅𝑒𝑓𝑓

3 ⋅ 𝑑𝑇𝑖𝐵2 = 38.9 ⋅ (𝐶𝐵 ⋅ 𝑒𝑓𝑓)−
1

3 ⋅ 𝑑𝑇𝑖𝐵2 (13) 

It is convenient to express GS in addition rate instead of added concentration of boron. The amount of boron 

added in a melt is given by the following: 

BMA is the boron concentration in the grain refiner expressed in % and mMA is the weight of the grain refiner. CB 

is given by: 

MAMA mBB = −210
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6
2

10
10




=
−

Al

MAMA
B

m

mB
C (14) 

The weight ratio between grain refiner and aluminium is thus given by the following expression: 

410
´


==

MA

B

Al

MA

B

C

m

m
AR

This gives the addition rate as kg/kg, but as addition rate is usually express the in kg/tonne the expression above 

has to be multiplied by 1000: 

10
10

10

3

4 
=


=








=

MA

B

MA

B

Al

MA

B

C

B

C

tonne

kg

m

m
AR  (15) 

Expression 14 can thus be written as: 

ARBC MAB = 10 (16) 

where the addition rate AR=mMA/mAl, expressed as kg/tonne. Inserting 16 into 13 gives the following expression: 

𝑮𝑺 = 𝟏𝟖. 𝟏 ⋅ (𝑩𝑴𝑨 ⋅ 𝑨𝑹 ⋅ 𝒆𝒇𝒇)−
𝟏

𝟑 ⋅ 𝒅𝑻𝒊𝑩𝟐 (17)
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