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Abstract 

The aluminium alloys for electrical conductivity applications are generally not grain refined 
since the addition of grain refiners drops the electrical conductivity by introducing impurities 
into the melt. Non-grain refined aluminium may lead to bar fracture and cracks during the 
metalworking process. 

The present study focuses to find an optimum balance between the grain refiner addition and 
the electrical conductivity of commercial EC grade 1070 aluminium alloy for electrical 
application. In order to reach this goal, the electrical conductivity and the macrostructure of 
commercial EC grade 1070 aluminium (commercial pure aluminium) have been studied 
under a series of controlled lab scale trails.  Specific addition levels of different grain refiners 
(TiBloy, Al-5Ti-1B, Al-3Ti-0.15C, and Al-3Ti-1B) were added to the metal melt and samples 
were taken at specific time intervals. The collected samples were sectioned, ground and 
macro-etched. Thereafter, the macrostructure was analysed by the use of a digital camera and 
the electrical conductivity was measured at temperature. The obtained result was expressed as 
a percentage of the International Annealed Copper Standard (IACS %). The macro-structural 
analysis showed that TiBloy, Al-5Ti-1B, and Al-3Ti-1B, with the maximum addition level of 
0.1%, cannot grin refine commercial pure aluminium. However, at higher grain refiner levels 
the number of columnar grains increased and their size decreased.  

The Al-3Ti-0.15C master alloy, with the same addition level as the once chosen for the other 
grain refiners (up to 0.1%), showed significantly better grain refining. By the addition of 
0.1% of this grain refiner the macrostructure became very equiaxed already after 30 minutes 
of grain refiner addition. The fading of the Al-3Ti-0.15 master alloy was, however, observed 
for samples with a long holding time. Nevertheless, by maximum addition level (0.1%) and a 
90 minutes holding time the macrostructure remained as equiaxed grains.  

The electrical conductivity results showed that none of the applied grain refiners (TiBloy, Al-
5Ti-1B, Al-3Ti-0.15C, and Al-3Ti-1B), with the maximum addition level of 0.1%, decreased 
the electrical conductivity of commercial pure aluminium.  

 

Key words: grain refining, fading, columnar grains, equiaxed grains, properzi, electrical 
conductivity, IACS % 
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1-Introduction 

Copper high-voltage transmission lines have given their place to aluminium for two reasons. 
First, Aluminium is cheaper (per ton), so it is more economical on those multi-mile distances. 
Second, aluminium is lighter and lets those expensive pylons be placed father apart. In 
addition, decent mechanical strength and persistent corrosion resistance are other properties 
that have made the aluminium a feasible choice for electrical conductivity application [1].  

G. G. Gauthier [2] investigated the effect of different elements on the electrical conductivity of 
super-purity aluminium and categorized the elements into 3 groups.    

1. Gold, gallium, nickel, silicon, iron, and zinc all of which have little effect. Figure 1.1 
shows the effect of Si, Fe and Si + Fe on the electrical conductivity of aluminium.  

 

 
Figure 1.1- Effect of Si, Fe and Si + Fe on the conductivity of Al [2] 
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2. Copper, silver, and magnesium which have rather more effect. The effect of Si and Mg 
on the electrical conductivity of aluminium is shown in figure 1.2. It can be seen in 
Figure 1.2 that manganese, at the addition levels of about higher than 0.05%, reduces the 
electrical conductivity of aluminium more than Si.  

 
Figure 1.2- Effect of Si and Mg on the electrical conductivity of Al [2] 

3. Titanium, vanadium, manganese and chromium, all of which exert a considerable effect. 
Figure 1.3 shows the effect of vanadium, titanium and vanadium + titanium on the 
electrical conductivity of aluminium.  

 
Figure 1.3- Effect of V and Ti on the electrical conductivity of Al [2] 
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The influence of some of these elements on the electrical conductivity of pure aluminium in 
the form of solute and precipitate impurities has shown in Table 1.1 [3]. 

Table 1.1- Influence of solute and precipitate impurities on electrical conductivity [3] 

 Estimated average decrease in  IACS %* 
per wt.% 

Element Max solubility in Al 
(%) 

In Solution Precipitated 

Fe 0.052 29 1.2 
Si 1.65 16 1.8 
Ti 1.0 31 2.5 
V 0.5 34 5.5 
Cr 0.77 36 3.7 
Zr 0.28 23 0.9 

*International Annealed Copper Standard 
  

As shown in the Table 1.1, impurities in the form of precipitation particles cause minor 
reduction in conductivity. The sources of transition metal impurities in the aluminium metal 
are raw materials (alumina and coke) used in the Hall-Heroult process [4]. Industrially, 
impurities such as Ti, V, Zr, and Cr are removed in cast-house by addition of boron in the 
form of boron aluminium master alloys [4]. The borides AlB12 and AlB2 in the master alloys 
are unstable and dissolve in the aluminium melt [4]. The free energy of formation of Ti, V, 
Zr, and Cr borides is much higher than aluminium borides [3]. As a result, by addition of Al-
B master alloys to aluminium the impurities combine by boron and form stable borides which 
do not dissolve back into the melt [3-4]. The transition metal borides such as VB2, TiB2, CrB2 
and ZrB2 are heavy particles that are separated from aluminium melt mainly by giving 
settling time to the melt [4].  

Normally the aluminium alloys used for electrical conductivity applications are not grain 
refined as the addition of commercial grain refiners such as Al-Ti-B may adversely affect the 
electrical conductivity by inserting impurities into the melt. However, non-grain refined 
material may lead to bar fracture and cracks in a wire drawing operation of Properzi rod. 

It is of great interest for industry to find out what level of grain refiner addition has an 
adverse effect on the acceptable levels of electrical conductivity. It is also very beneficial to 
identify an efficient grain refiner for the commercial EC aluminium grades which is not only 
effective to produce fine equiaxed microstructure, but also not decrease the electrical 
conductivity. In other words, finding the optimum balance between the grain refiner addition 
and the electrical conductivity is subject interest. 

In the present project was proposed by Norsk Hydro at Karmøy, to investigate the effect of 
four different types of grain refiners (TiBloy, Al-5Ti-1B, Al-3Ti-0.15C, and Al-3Ti-1B). The 
grain refiners in question, which are presently predominantly used by the aluminium industry, 
should be investigated in view of their effect on the microstructure and the electrical 
conductivity of commercial EC grade 1070 aluminium. A series of controlled lab scale trails 
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was conducted with specific additions of grain refiners to the molten melt, and samples were 
taken at a specific time intervals. The samples were later sectioned, grinded and macro-
etched. The macrostructure was to be analysed by the use of a digital camera, and the 
electrical conductivity was measured at room temperature. 
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2- Literature review and background  

 2.1- Aluminium characteristics and applications 

Aluminium is a white silvery shining metal of high electrical conductivity. Chemical 
characteristics of aluminium are high solubility of hydrogen in liquid phase and a strong 
tendency to form aluminium oxide compounds. The oxide layer which forms on the surface 
of aluminium is a dense oxide which provides a good resistance against chemical attacks. 
Due to high affinity of aluminium for oxygen it is applied in steel industry to kill the steel. 
Low density of aluminium offers advantages where low weight is of importance i.e., in 
vehicles or in components which are applied in frequent transport in order to decrease energy 
consumption and also in stationary structure which leads to less heavy foundations. Strength 
of aluminium and aluminium alloys with respect to its density is notable. Table 2.1 compares 
the strength-to-weight ratios (specific strength) of various aluminium alloys and other 
materials [5].  

Table 2.1- Comparative strength-to-weight ratios for various materials [5] 

Material Typical ultimate tensile 
strength, ksi 

Density, lb/in³ Strength-to-
weight-ratio 

7178-T6 88 0.102 863 
7075-T6 83 0.101 822 
2024-T361 72 0.101 713 
5056-H18 63 0.096 656 
6066-T6 57 0.098 594 
Stainless steel (type 302) 140 0.290 483 
6061-T6 45 0.098 459 
3004-H38 41 0.098 418 
Fiberglas (average) 19 0.0518 367 
1350-H19 27 0.0975 277 
6063-T5 27 0.099 273 
3003-H14 22 0.099 222 
Caron steel (1020) 60 0.284 211 
Architect´s bronze 60 0.303 198 
5005-o 18 0.098 184 
3003-o 16 0.099 162 
PVC plastic 7.5 0.0504 149 
1060-o 10 0.0322 103 
Copper 32 0.322 99 
Enamelling iron  38 0.383 99 
Note: 1ksi=6.89 MPa; 0.1lb/in³=2.768 g/cm³ 

 

Good plasticity behaviour of aluminium allows production of shapes, tubes, plates and other 
shapes of difficult cross sections by metal forming operations such as extrusion. Aluminium 
also can be processed to very thin foils which are applicable for other applications like 
packing of foods, cosmetics and chemical products. High thermal conductivity is an 
important characteristic of aluminium which is applied in automotive industry in production 
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of pistons, cylinders and cylinder heads and for heat-exchangers. Good electrical conductivity 
of pure aluminium and AlMgSi-alloys permits a wide range of applications in electrical 
installations and equipment like overhead lines, electrical energy distribution and transport 
cables. Food and drug industries use aluminium because it is Nontoxic and non-adsorptive. 
Packing has been one of the fastest growing markets for aluminium for food preservation. 
Aluminium cans are applied in packing of soft drinks, beer, coffee, snack foods, meat and 
even wine. Figure 2.1 shows the shares for various industrial sectors which use aluminium 
alloys [1].  

 
Fig. 2.1- The shares for various industrial sectors which use aluminium alloys [1] 

2.2- Aluminium alloys 

There are two principle classifications for aluminium alloys: 

1. Wrought alloys are used as basic material for mechanical forming such as extrusion, 
rolling, deep drawing and forging.  

2. Casting alloys have very good cast ability. Due to very good fluidity of casting alloys 
and with regard to modern die-casting machines the production of complex 
aluminium castings with thin sections is possible. Low shrinkage during solidification 
of the cast and good thermal stability are essential for casting alloys.  

2.3 Designation systems 

For standardization of aluminium and its alloys different systems are used. Generally, all 
major industrialized countries developed their own standard designations for aluminium and 
aluminium alloys, based on chemical symbols. But, the most easy-to-remember designations 
seem to be the denotations which are provided by American National Standards Institute 
(ANSI) H35.1, the German DIN 1712 and DIN 1725 and also the ISO-system [1, 5]. 
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2.3.1- Aluminium association international alloy designation (H35.1) 

1. Wrought aluminium and aluminium alloy designation system 
2. Cast aluminium and aluminium alloy designation system 

2.3.1.1- Wrought aluminium and aluminium alloy designation 

It is a four digit numerical designation system whereby the first digit describes the main 
alloying element [1, 5]. 

Table 2.2- Wrought alumniuim and aluminuim alloys designations [5] 

1xxx Aluminium, ≥ 99,00 % 
2xxx Alloy with Cu as maim alloying element  
3xxx Alloy with Mn as main alloying element  
4xxx Alloy with Si as main alloying element  
5xxx Alloy with Mg as main alloying element, in combination with Cr or Mn 
6xxx Magnesium and Silicon as main elements  
7xxx Alloy with Zn as main alloying element  
9xxx Special alloys  
 

 2.3.1.2- Cast aluminium and aluminium alloys designation system 

A system of four-digit numerical designations with a decimal point is used to identify 
aluminium and aluminium alloys in the form of castings and foundry ingots. The first digit 
indicates the alloy group and main alloying element [1, 5]. 

Table 2.3- Cast aluminium and aluminium alloys designation system [5] 

1xx.x Aluminium, ≥ 99,00 % 
2xx.x Copper 
3xx.x Silicon, with added Copper and/or magnesium 
4xx.x Silicon 
5xx.x Magnesium  
6xx.x Unused Series 
7xx.x Zinc 
8xx.x Tin 
9xx.x Other elements 
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2.4- Aluminium Production 

Today production of aluminium follows two lines: 

• The primary aluminium    
• The secondary aluminium 

 2.4.1- The primary aluminium 

The primary aluminium industry produces aluminium from the natural resource bauxite. 
Bauxite is composed of an aggregation of aluminium hydroxides:  
Hydrargillit- Gibbsite (γ-Al(OH)3), Bohemite (γ-AlOOH), Diaspor (α-AlOOH), iron oxide, 
silicate (quartz) and caolinite (Al2Si2O5(OH)4) [1]. The composition of the bauxite related 
certainly to the geological age of the site and the environmental weather [1]. The 
Hydrargillite is the preferred ore for processing since it is more unstable than other 
aluminium hydroxides. The aluminium production process occurs in two steps. The first step 
is purification of the raw materials called Bayer Process by which pure aluminium oxide 
(Al2O3) is extracted from the bauxite and the second step is reduction of the aluminium by 
electrolysis of the dissolved alumina in the molten cryolite, Na3AlF6 (an electrolyte, i.e. an 
ionic compound).  

2.4.1.1- Alumina refinery (Bayer Process) 

The bauxite arrived from the mine is crushed and grinded to provide satisfactory surface area 
for the reaction with hot caustic liquor (NaOH). A portion of caustic liquor is added in the 
crushing and grinding stage and an additional portion is fed to the mill in order to initiate 
good reaction and obtain pump-able slurry. The aluminium hydroxide is dissolved in the 
liquid at a temperature above 100℃ according to the Reaction (1).  

Al2O3 + 6NaOH + 3H2O → 2Na3Al (OH) 6    Reaction (1) 

Pregnant liquor is separated from the insoluble residue, called red mud, by clarification in 
thickeners and purified as much as possible by washing to remove Na2O, adhering to the 
solid particles, in some other thickeners. Red mud is transferred to the Red Mud Lake for 
landfill and the pregnant liquor arrives at the precipitation section which is a series of settling 
tanks with agitators. At a temperature between75℃ and 55℃ the pregnant liquor becomes 
supersaturated and the aluminium hydroxide starts to crystallize to small grains. In order to 
support the crystallization of the aluminium hydroxide in the decomposition process 
(Reaction 2), a small quantity of pure crystalline aluminium hydroxide is added which act as 
sites for crystal growth.    

Na3Al (OH) 6 + 2H2O → 3NaOH + Al (OH) 3∙3H2O    Reaction (2) 

The pure crystals of aluminium hydroxide are sent to the calcination and heated to 1100℃ 
which results to decomposition of them to alumina (Al2O3) and water (Reaction 3).  

2Al (OH) 3∙3H2O + heat → Al2O3 + 9H2O    Reaction (3) 
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2.4.1.2- Aluminium reduction (Hall-Heroult process) 

Aluminium metal is not produced directly by the electrochemical reduction of alumina due to 
high melting temperature of the alumina (more than 2000℃). Alumina is a covalently bonded 
oxide which can be electrolyzed when the aluminium is in an ionic form. Alumina has a high 
solubility in molten cryolite (Na3AlF6) and forms conducting complex anionic oxyfluorides. 
This allows separating aluminium and oxygen at a temperature of 950℃ to 980℃ in an 
electrolytic process. The electrolysis is carried out in an electric furnace using carbon 
electrodes. Figure 2.2 shows a cross section of a cell or electric furnace [1].  

 
Figure2.2: Principle of a modern electrolytic pot for the fusion electrolysis [1] 

The basic idea behind the process is quite simple. The container accommodating the bath is 
shaped as the cathode while the anode (carbon) is dipped into the bath from the above. Since 
the aluminium ions discharge their electrical load at the cathode the liquid metal collects at 
the bottom of the container and the oxygen ions pass the electrolyte to the anode and react 
with the carbon, contributing some chemical energy to the energy balance of the process. The 
cathode and anodic reactions which are generally occurring during the process are as follows 
(Reaction 4 and 5).  

Al2O3 + energy → 2Al + 3/2O2    Cathode Reaction (4) 

3/2O2 + 2C → CO2 + CO + energy    Anodic Reaction (5) 
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2.4.2-The secondary aluminium 

The raw material for the secondary aluminium production is material that has been used 
already and is returned for further processing after the end of its life in this application. The 
aluminium which is produced by this method is not as pure as the primary aluminium. This is 
due to the presence of the alloying elements in the recycled metals which cannot be removed 
or partially removed in the secondary process, contaminations by organic matters or with dirt, 
and also some metals like copper, steel or brass which are firmly connected to the aluminium 
from its previous working route [1].  

2.5- Continuous Properzi Process 

Continuous Properzi is a continuous casting and rolling process for production of cables and 
wire rods from non-ferrous metals [6]. In this process molten metal is poured onto a copper 
mould in rotation via a tundish and the resulting bar is fed directly into an integrated rolling 
mill [7-8]. Figure 2.3 shows a schematic of the Properzi process [8-9].  

  

 
Figure 2.3- Schematic of the Properzi process [8-9] 

Aluminium cables and overhead lines are predominately produced with this method 
worldwide. As well as productivity, the main concerns of Properzi process users are to limit 
the rate of wasted rod wire and to assure good quality of the final product [8]. The 
mechanical properties of the cast rod such as yield strength, toughness and extrude-ability 
play an important role on the continuity of the process during the rolling and also on the 
quality of the final product. Low yield strength of the cast rod can lead to the fracture of wire 
rods during the metalworking process (extrusion) and also to the initiation of the cracks in the 
product which may cause the failure of the rod during its application. Generally, the yield 
strength can be increased by obstruction of dislocation movements [10]. This can be achieved 
by making obstacles such as grain boundaries, particles, other dislocations, foreign atoms and 
lattice friction [10]. Grain boundary hardening is a common hardening mechanism which can 
be attained by increasing the number of the grains in the microstructure (decreasing the grain 
size) and is the only hardening mechanism which increases both strength and toughness. The 
grain size is obviously a function of several parameters, the most important of which are the 
nucleation rate and the growth rate [11]. The nucleation rate depends on the amount of energy 
required for the creation of a new phase structure and new surface area [11]. As a result, the 
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nucleation rate can be affected by the melt undercooling below the liquidus and/or by the 
presence of solidification sites for heterogeneous nucleation [11]. At higher cooling rates the 
liquid undercooling is higher. Consequently, grains nucleate and grow faster at higher cooling 
rates. It is also possible to ease the nucleation by introducing of small particles to the melt 
(grain refining process) which facilitate the heterogeneous nucleation by decreasing the 
interfacial energy and increasing the liquid undercooling [11].   

2.6- Grain-Boundary strengthening  

Depending on grain size, temperature and deformation rate, grain boundaries may strengthen 
or soften the material. The grain-boundaries act as pinning points impeding further 
dislocation movement [10]. Impeding the dislocation movement prevents the onset of 
plasticity and hence increases the yield strength of the material [10].  Generally the material 
becomes harder with decreased grain size [10]. However, for extremely small grain sizes, 
grain boundary sliding leads to softening of the material [10]. The relation between average 
grain size and yield stress of a material is described mathematically by Hall-Petch equation 
(Equation 6) in which 𝜎𝑦 is the yield stress (Nm-2), 𝜎0 the resistance of the lattice to 
dislocation motion (Nm-2), d is the average grain size (m) and 𝐾𝑦 is the strengthening 
coefficient (Nm-2m1/2) [10].  

𝜎𝑦 = 𝜎0 +
𝐾𝑦

√𝑑
      (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 6) 

2.7- Grain refining 

Grain refinement can be defined as intentional prevention of columnar grain growth in ingots 
and castings and formation of fine equiaxed grains all over the material [12]. Columnar grain 
structure is formed in certain alloys under normal casting conditions, except if the 
solidification mode is carefully controlled [13]. The fine equiaxed grains can be achieved 
upon solidification either by fast cooling which certifies a high degree of undercooling or by 
increasing the number of nuclei by heterogeneous nucleation (increment of nucleation sites) 
through the use of inoculants and by alloying [13].  The fine equiaxed grains are desired since 
the mechanical properties of any metal or alloy such as yield strength, toughness and extrude-
ability are raised by fine grain size [13]. Besides, fine grain size improves uniform 
distribution of second phase and micro-porosity, resulting in improved machinability, good 
surface finish and resistance to hot tearing [13]. Grain refiners (inoculants or hardeners) act 
as nucleating agents during solidification and control crystal formation by heterogeneous 
nucleation. Nuclei formation by heterogeneous nucleation occurs at preferential sites such as 
phase boundaries, surfaces or impurities. The interfacial energies are the controlling factors in 
heterogeneous nucleation [14]. The balance between the interfacial energies can be expressed 
by Equation (7) and is shown by Figure 2.4 in which σNL (Nm-2), σNS (Nm-2), and σSL (Nm-2) 
are the liquid/nucleant, nucleus/nucleant and liquid/nucleus interfacial energies respectively 
and θ is the contact angle (degree) [14].  
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𝜎𝑁𝑁 > 𝜎𝑁𝑁 + 𝜎𝑁𝑁 cos 𝜃     𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (7) 

 

 
Figure 2.4- Balance of interfacial energies in heterogeneous nucleation [14] 

 

Nucleation at low undercooling means there is epitaxy (good crystallographic fit) between the 
nucleant and nucleus which results to significant reduction of the energy 𝜎𝑁𝑁 [14]. When 
nucleation happens, θ is usually very small and does not exceed 20°. As a result, the value of 
cosθ is very close to unity [14]. Consequently, the terms σNS and θ can be neglected in the 
Equation (7) and heterogeneous nucleation can be expected if σNL > σNS [14].   

Miedema and Van Den Broeder [15] have shown that interfacial energies are roughly 
proportional to the melting point. Based on this, it can be concluded that phases with higher 
melting point will have higher values of σNL and will be nucleants for the lower melting 
phases. 

An inoculant should have the following requirements in order to act as an effective nucleation 
site [13]: 

1. The melting point of the alloy being solidified should be lower than the melting point 
of the inoculant.  

2. It should have the capacity to commenced freezing at very small undercooling. 
3. Adequate quantities of inoculants should be equally distributed. 
4. The inoculants should be larger than a critical size, which depends on the 

undercooling of the melt.  
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2.8- Types of grain refiners 

Investigation in order to find effective grain refiners for aluminium alloys backs to the early 
1950s [16]. The attempts have led to introduction of grain refiners (master alloys) such as Al-
Ti, Al-Ti-B, Al-Ti-C, Al-B and Al-Sr-B for different alloy systems and processing 
application. The most applicable family of grain refiners is the one based on the Al-Ti-B 
system [16]. The Al-5Ti-1B is the most popular composition due to its high refining 
effectiveness [16]. The other member of this family with lower content of Ti like Al-3Ti-1B 
was developed to meet the requirements to have a potent refiner, but not to exceed melt Ti 
contents [16]. In order to reduce or eliminate the number of borides defects in the surface 
critical products, a master alloy with lower content B, Al-5Ti-0.2B, was introduced [16]. But 
the ever-increasing requests on the quality of surface critical applications ended in the 
introduction of Al-3Ti-0.15C [16]. The foundry sector, which produces shaped castings based 
on the Al-Si systems, traditionally applied the refiners developed in the wrought sector. But, 
they have recently made attempts to make grain refiners especially for this sector, such as 
TiBloy, providing benefits over the traditionally grain refiners, including improved porosity 
distribution in wheel castings [16].The nominal chemistry and particle types of the main 
refiners used in the aluminium industry are summarized in Table 2.4 [16].  

Table 2.4- The nominal chemistry and particle types of the main grain refiners [16] 

Refiner %Ti %B %C Borides/Carbides Aluminides 
Al-5%Ti-1%B 5.0 1.0 0 TiB₂ TiAl₃ 
Al-3%Ti-1%B 3.0 1.0 0 TiB₂ TiAl₃ 

Al-5%Ti-0.2%B 5.0 0.2 0 TiB₂ TiAl₃ 
Al-3%Ti-0.2%B 3.0 0.2 0 TiB₂ TiAl₃ 

Al-3%Ti-0.15%C 3.0 0 0.15 TiC TiAl₃ 
TiBloy 1.6 1.4 0 (Al-Ti)B₂ - 
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2.9-Mechanisms of grain refinement  

The mechanism of grain refinement is principally quite straight forward [17]. By addition of 
master alloys to the melt an abundance of potent heterogeneous nuclei, intermetallic particles, 
are spread in the melt and a plenty of these sites become active during solidification and 
nucleate the solid [17]. But, the mechanism of grain refinement in aluminium after addition 
of Al-Ti-B master alloy is still a matter of debate and the results of work done over the years 
show that none of the mechanisms of grain refinement can provide a detailed explanation of 
all the experimental observation [12]. The terms of disagreement are the types of the particles 
that released in the melt, the chemical and physical characteristics of the particles and their 
subsequent reaction with the melt [12]. Studies show that more than one mechanism is 
responsible for grain refinement of aluminium alloys, depending on the master alloys 
employed, the alloys cast and the processing conditions applied [18]. Classification of the 
theories on the mechanisms of grain refinement is as follows [13].  

1. Carbide/boride theory 
2. Phase diagram/peritectic theory  
3. Duplex nucleation theory  
4. Solute theory 
5. Peritectic hulk theory 

2.9.1- Carbide/Boride theory  

This theory was first proposed by Cibula [19] and recommends that the grain refinement in 
aluminium alloys by addition of Al-Ti master alloy is due to emergence of TiC particles by 
reaction with the residual carbon present in the aluminium melt. He argued that just several 
hundred ppms are relatively adequate to promote TiC formation. By addition of Al-Ti-B 
master alloy to the aluminium melt, the insoluble particles, TiB2 and TiC, are dispersed in the 
melt and act as heterogeneous nucleation sites [20-21].    

However, Mohanty and Gruzleski [22] showed that TiC cannot nucleate Al grains since from 
the thermodynamic point of view spontaneous formation of TiC is not attainable. Moreover, 
deficient grain refinement was achieved by direct addition of TiC particles to molten 
aluminium [22].  
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2.9.2- Phase diagram/Peritectic theory 

In the case of grain refinement of aluminium with Al-Ti master alloy, α-Al forms by 
peritectic reaction (Reaction 8) at 665°C which is seen at the rich end of Al-Ti phase diagram 
(Figure. 2.5) [12].  

L + TiAl3 → α-Al     Reaction (8) 

 
Figure 2.5- Aluminium rich end of Al-Ti binary equilibrium diagram [12] 

 

The weakness of the peritectic theory is that, based on Al-Ti phase diagram (Figure 2.5) the 
liquid aluminium should contain 0.15%Ti at the peritectic temperature. But, during the grain 
refinement of aluminium by Al-Ti-B master alloy it is common to add maximum 0.01% Ti to 
the melt which is significantly lower than the required Ti for the peritectic reaction.  

Marcantonio and Mondolfo [23] proposed that boron causes a change in the peritectic 
composition of the liquid to lower titanium level so that the peritectic reaction can occur.  

2.9.3- Duplex nucleation theory 

This theory was originally proposed by Mohanty et al [17] .They experimentally simulated the 
grain refining of aluminium by addition of synthetic TiB2 crystallites into melts by a specially 
developed technique. Experimental results specified that TiB2 do not nucleate grains alone 
during the grain refinement of aluminium by Al-Ti-B master alloys. On the other hand, in the 
presence of dissolved Ti even below the peritectic level, an interfacial TiAl3 layer is formed 
at the TiB2/melt interface which subsequently nucleates the α-Al.   
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2.9.4- Solute theory  

This theory proposed by Johansson et al [18] and suggests that segregated solute elements have 
a significant contribution on grain refining of aluminium by restricting the growth of grains 
of aluminium. The effect of segregated solute elements on grain refinement of aluminium is 
stated by GRF (growth restricting factor) and measured by Equation (9), where m is the slope 
of the liquidus, Cₒ is the concentration of the solute in the melt, and k is the equilibrium 
partitioning coefficient (Cs/Cl, where Cs and Cl are the solute concentrations of the solid and 
liquid respectively at the interface) [18].  

GRF = mCₒ (k-1)    Equation (9) 

The rate of growth is inversely related to the GRF [13]. When GRF is large, the rate of 
growth is small, thus allowing a large number of substrates act as nucleating sites. For 
example, the GRF for titanium, zirconium and chromium at the peritectic composition with 
aluminium are 31, 5, and 0.5 respectively, which suggests that titanium is a much better 
growth restricting element than zirconium and chromium [13]. The GRF for typical addition 
of Ti and B (0.01% Ti and 0.001% B) by master alloys are 2.1 and 0.02 respectively which 
indicates that Ti is a much better grain restricting element than B [13].   

2.9.5- Peritectic hulk theory 

According to this theory proposed by Backerud and Dong [13], TiAl3 is a better nucleant than 
TiB2. They suggested that borides form a shell around the aluminides, thus slowing the 
dissolution rate of the latter [13].  
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2.10- Comparison of the performance of the master alloys on grain refining 
of pure aluminium  

The effectiveness of the master alloys which are used frequently in the aluminium industry on 
grain refinement of commercially pure aluminium are summarized and compared in the 
following. 

D. G. McCartney [12] showed that the effectiveness of Al-Ti-B master alloys compared to Al-
Ti is much better.  It is believed that in the case of binary Al-Ti master alloys, the TiAl3 
particles are responsible for their grain refining tendency [12, 24]. While in the case of 
ternary Al-Ti-B master alloys, intermetallic particles TiAl3 and TiB2 contributes to the grain 
refinement of aluminium alloys. However, the accurate role of boron in enhancing the grain 
refining efficiency of Al-Ti master alloys is still debatable in the field of grain refinement of 
aluminium alloys [13].  

S.A. Kori et al. [24-25] has shown that 0.2% addition of the Al-5Ti-1B master alloy is more 
effective in grain refining of aluminium than 1.0% addition of Al-5Ti master alloy (Figure 
2.6).  

 
Figure 2.6- Comparison of grain refining efficiencies of Al-5Ti-1B, Al-3Ti-1B, and Al-5Ti 

master alloys for grain refinement of Al [25] 

Moreover, Al-5Ti-1B has a better grain refining efficiency than Al-3Ti-1B, as shown in 
Figure2.6. This higher grain refining efficiency could be due to the larger fraction of 
nucleating sites available in the Al-5Ti-1B master alloy [13].  

Figures 2.7 shows the macrograph of aluminium grain refined with established addition level 
of Al-5Ti-1B (a) (0.2%, which is equivalent to a Ti and B addition levels of 0.01% and 
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0.002%, respectively) and higher addition levels of Al-1Ti-3B (b) (1.0%, which is equivalent 
to a Ti and B addition levels of 0.01%  and 0.03%, respectively) for different holding times 
(0, 2, 5, 30, 60 and 120 min) [24].  

 
(a) 

 
(b) 

Figure 2.7- Photo macrographs of Al grain refined with (a) 0.2% Al-5Ti-1B 
(b) 1.0% Al-1Ti-3B [24] 

This figure shows that 0.2% Al-5Ti-1B addition has a significant effect on grain refining of 
commercial pure aluminium and complete transition from columnar to equiaxed grains 
structure occurs within 2 minutes of holding. Moreover, the grain structure remained 
equiaxed up to 120 min of holding the melt. In the case of Al-1Ti-3B master alloy, the 
structure remained similar to 0 min sample (i.e. course columnar grain structure) up to 120 
min of holding even with higher addition level of B (0.03%) as shown in Figure 2.7(b).  

Figure 2.8 shows the grain size analysis of commercial pure aluminium after grain refinement 
with Al-3Ti, Al-3B, Al-5Ti-1B, Al-3Ti-1B, and Al-1Ti-3B. It shows that binary Al-3B alloy 
was incapable to give rise to any grain refinement in Al. This means that AlB2 is not an 
efficacious particle to act as a nucleating site for Al [24]. This result also supports the earlier 
work of Mohanty and Gruzleski [26] that B cannot grain refine pure Al. In fact Al-B system 
will be efficient for alloys containing Si [26].  
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Figure 2.8- Grain size analysis of grain refined Al as a function of holding time at 0.01% Ti 

or B addition level using various grain refiners[24]. 

Figure 2.8 also shows that Al-3Ti-1B gives almost the same grain size as that of Al-5Ti-1B 
suggesting that the grain refining efficiency of these two master alloys depends only on the 
addition level of Ti. Although, Al-5Ti-1B has the lowest grain size at all holding times when 
compared to that grain refined with other master alloys.  

Based on the peritectic theory, in case of Al-Ti system, α-A𝑙 forms by a peritectic reaction at 
665°C, which is above the melting point of pure Al, while in case of Al-B system, α-Al forms 
by eutectic reaction at 659.7°C, which is below the melting point of Al [13, 17, 24]. Thus, as 
Al-Ti master alloy is added to the Al melt, during cooling of the melt, α-Al forms at 665°C 
which acts as the nucleating site for Al during its solidification at 660°C. On the other hand, 
when Al-B master alloy is added to the Al melts, no α-Al forms before the solidification of 
Al and no grain refinement can be attained in this case.  

The required Ti level introduced to the melt by the grain refiners (usually about 0.01%) is 
much lower than that needed (0.15%) to promote the peritectic reaction to form α-Al. 
Nevertheless, it is suggested that the dissolution of TiAl3 in the Al melt can increase the 
concentration of the Ti locally around the TiAl3 particles, thus the peritectic reaction is 
possible [24].  

The experimental works has led to the introduction of two widely commercial application 
types of Al-Ti-C master alloys, namely Al-3Ti-0.15C and Al-5Ti-0.2C.  

Li Jian-guo et al. [27] have shown that at the addition level of 0.2% master alloys (Al-5Ti-
0.2C, Al-5.5Ti-0.25C, Al-6.5Ti-0.5C, Al-3Ti-0.15C ,Al-5Ti-1B) to the commercial pure 
aluminium the grain refining performance of Al-5Ti-1B was superior to the Al-3Ti-0.15C, 
Al-5Ti-0.2C and Al-5.5Ti-0.25C master alloys (Figure 2.9).  

Al-3Ti-1B 

Al-5Ti-1B 

Al-3B and Al-1Ti-3B 

Al-3Ti 
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Figure 2.9- Macrostructure of 99.8% commercial pure aluminium grain refined with 
master alloys: (a) 0.2% Al-5Ti-1B (b) 0.2% Al-5Ti-1B* (c) 0.2% Al-3Ti-0.15C (d) 0.2% Al-
5Ti-0.2C (e) 0.2% Al-5.5Ti-0.25C (f) 0.2% Al-6.5Ti-0.5C [27]  
(* (a) and (b) were produced in two different countries) 

However, if the content of Ti increases to about 6.5%, with the same amount of addition 
(0.2%) of the grain refiner, the grain refining performance of Al-Ti-C master alloys is 
comparable with the Al-5Ti-1B master alloys (Figure 2.9).  

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 

(d) (e) (f) 
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They have also shown that Al-6.5Ti-0.5C is a better gain refiner than Al-5Ti-1B master 
alloys for 99.98% and high purity Aluminium 99.995% in the addition level of 0.5% and 1% 
(Figures 2.10 and 2.11).  

 
Figure 2.10- Macrostructure of 99.98% high purity aluminium grain refined with master 
alloys: (a) 0.5% Al-5Ti-1B (b) 0.5% Al-5Ti-1B* (c) 0.5% Al-3Ti-0.15C (d) 0.5% Al-5Ti-0.2C 
(e) 0.5% Al-5.5Ti-0.25C (f) 0.5% Al-6.5Ti-0.5C [27]  
(* (a) and (b) were produced in two different countries) 

(a) (b) (c) 

(d) (e) (f) 
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Figure 2.11- Macrostructure of 99.98% high purity aluminium grain refined with master 
alloys: (a) 1% Al-5Ti-1B (b) 1% Al-5Ti-1B* (c) 1% Al-3Ti-0.15C (d) 1% Al-5Ti-0.2C (e) 1% 
Al-5.5Ti-0.25C (f) 1% Al-6.5Ti-0.5C [27]  
(* (a) and (b) were produced in two different countries) 
 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 

(d) (e) (f) 
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2.11- Electrical conductivity 

Electrical conductivity is a material´s ability to conduct an electric current. Its SI unit is 
simens per meter (S/m) and commonly represented by σ (sigma) [28]. But, conductivity 
values are often reported as percent IACS [28]. IACS stands for International Annealed 
Copper Standard and its establishment backs to 1913 by International Electrochemical 
Commission [28]. The conductivity of a commercially pure annealed copper at 20°C (σ = 
5.8001×107 s/m) was established as a standard and defined to be 100% IACS [28]. Thus, all 
other conductivity values are related back to this standard value. For example, iron with a 
conductivity value of 1.04×107s/m has a conductivity of approximately 18% of that of 
annealed copper and this is reported as 18% IACS.  

Electrical conductivity is the reciprocal of electric resistivity. Electrical resistivity is an 
intrinsic property that quantifies the opposition of a material to the flow of electrical current 
through it. The SI unit for electrical resistivity is the ohm.meter (𝛀.m) [29].  

2.12- Fading 

This phenomena happens when a melt which has been grain refined is held for a long time. 
Holding the melt causes to the dissolution or settling\floating (or both) of nucleating particles 
[13]. As a result, the grain structure of the casting will be columnar or coarse grains instead 
of fine and equiaxed grains [13]. The investigations on the stability of nucleating particles in 
the aluminium melt have shown that there are different views about the time required for the 
dissolution of different particles [13]. Guzowaski et al. [30] reported that the dissolution time 
of aluminides is 30 min at 700℃. However, Mondolfo et al. [31] stated that it takes several 
hours for aluminides to dissolve in the aluminium melt.  

The common addition level of Ti during grain refinement by Al-5Ti-1B is about 0.01%. 
According to the phase diagram of Al-Ti (Figure 2.5) the solubility of the titanium at the 
temperature of addition (720℃) is about 0.25%. This means that the TiAl3 particles are not 
stale in the melt at this temperature and tend to dissolve into it [13].  

While there are different views about the time of stability of TiAl3 particles, it is known that 
TiB2 particles are stable and do not dissolve on holding [32]. In general, the time of 
dissolution of nucleus can be influenced by the following factors [13]: 

• Temperature of the melt 
• Size, morphology and number of particles  
• The nature and concentration of alloying elements present in the melt 

The effect of settling of particles on fading is also confirmed by the work of Kearns et al. [33]. 
He showed (Figure 2.12) that stirring of the melt after a long holding time resulted to some 
recovery of the grain refinement. 
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Figure 2.12- Schematic diagram showing influence of stirring on fading [33] 

(𝒕𝒄 is contact time and UGC is ultimate grain size) 
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3- Experimental method 

The commercial pure aluminium and the grain refiners were supplied by Norsk Hydro 
Karmøy and London Scandinavian Metallurgical (LSM) respectively. The chemical 
composition of commercial purity aluminium and the master alloys used in the experiments 
are given in table 3.1 and 3.2 respectively.  

Table 3.1- Chemical composition of commercial pure aluminium  

 Composition (wt. %) 

Material Fe Si V Ti B Cu Mg Zn Al 
Commercial 

purity Al 
0.15 0.007 0.003 0.003 0.008 0.01 0.01 0.02 99.789 

 

Table 3.2- Main chemical composition of grain refiners (mass fraction, %) 

Refiner %Ti %B %C Designation 
code 

TiBloy 1.6 1.4 0 1 
Al-5%Ti-1%B 5.0 1.0 0 2 

Al-3%Ti-0.15%C 3.0 0 0.15 3 
Al-3%Ti-1%B 3.0 1.0 0 4 

 

The aluminium ingots were cut into smaller dimensions in order to be chargeable inside the 
furnace. 3 Kg Al in the first method and 2 kg Al in the second method was put into a graphite 
crucible and heated to 730 ± 5 ℃ (temperature of casting) in a resistance furnace. The 
temperature of the melt inside the furnace was measured by Comark C9001 thermometer. 
Before addition of the grain refiner a reference was taken.  Immediately after taking the 
reference sample the grain refiner was added and the melt was stirred for 10 sec by a graphite 
rod, after which no further stirring was carried out. For taking the samples after grain refiner 
addition two approaches were followed. The addition level of the grain refiner and the time 
interval between samples taking that was used in the first and the second approach are 
summarised in the tables 3.3 and 3.4 (a and b) respectively.  

Table 3.3- Addition level of grain refiners and the time interval between taking the 
samples used in the first approach 

Time interval  
for sampling(min) 

Melt 1 Melt2 Melt3 Melt4 Melt5 

0 (reference)  
3 kg melt + 

0.3 gr (0.01%) 
grain refiner 

 
3 kg melt + 

0.6 gr (0.02%) 
grain refiner 

 
3 kg melt + 

0.9 gr (0.03%) 
grain refiner 

 
3 kg melt + 

1.2 gr (0.04%) 
grain refiner 

 
3 kg melt + 

1.5 gr (0.05%) 
grain refiner 

30 min 
60 min 
75 min 
90 min 

120 min 
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Table 3.4a- Addition level of the grain refiners (TiBloy, Al-5Ti-1B, Al-3Ti-0.15C) and the 
time interval between taking the samples used in the second approach  

Time interval 
for sampling 

(min) 

Melt 1 Melt2 Melt3 Melt4 Melt5 Melt 6 

0 (reference) 2 kg melt +  
0.2 gr (0.01%) 
grain refiner 

2 kg melt + 
 0.4 gr (0.02%) 

grain refiner 

2 kg melt + 
 0.6 gr (0.03%) 

grain refiner 

2 kg melt +  
0.8 gr (0.04%) 
grain refiner 

2 kg melt + 
1 gr (0.05%) 
grain refiner 

2 kg melt + 
 2 gr (0.1%)  
grain refiner 

30 min 
60 min 
90 min 

 

Table 3.4b- Addition level of the grain refiner (Al-3Ti-1B)  
and the time interval between taking the samples used in  
the second approach  
Time interval 
for sampling 

(min) 

Melt1 Melt 2 

0 (reference) 2 Kg melt+ 
1 gr (0.05%) 
grain refiner 

2 kg melt +  
2 gr (0.1%)  
grain refiner 

30 min 
60 min 
90 min 

 

In the first approach a cylindrical graphite mould was used for taking the sample. The 
dimensions of the graphite mould were 50 mm of outside-diameter, 30 mm of inside-
diameter, 42 mm of height and 32 mm of inside bore depth (Figure 3.1).  

 

Figure 3.1- The graphite mould used for taking samples  

It was first pre-heated in a resistance furnace (Figure 3.2) at 730℃ for almost 5 min and then 
floated on the surface of the melt for 3-4 min. After de-slagging, a small portion of the melt 
was taken by the graphite mould from beneath the surface of the melt and then placed directly 
inside a heat insulator (Figure 3.3a and 3.3b). The heat insulator surrounded the whole outer 
walls of the mould and a cover cap was placed on top of the mould to prevent the melt of 
having contact with air. The temperature variation during solidification was measured for just 
few samples to be able to acquire cooling curves and undercooling. In this respect a 
thermocouple introduced into the mould cavity immediately after taking the sample. A small 
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hole was created in the middle of the cover cap which allowed the thermocouple to be 
inserted inside the mould. The thermocouple was coated by boron nitride and dried. Then, it 
set up on a stand as the tip of the thermocouple had 1 cm distance from the bottom of the 
mould. Figure 3.4 shows the set-up of the thermocouple on the stand for measurement of the 
temperature. A CR23X MICROLOGGER (Figure 3.5) was applied for measurement and 
storage of the temperature data during the solidification. The samples were sawn 
longitudinally and then the section planes were ground and polished. The polished samples 
were anodized by Barker´s reagent (40 ml HBF4 35% + 760 ml distilled water) for 
microstructural examination by polarized light microscopy. Only four trails were carried out 
under the conditions of the first approach.  

 
Figure 3.2- The resistance furnace used for melting Al  

 

  
 

Figure 3.3- The heat insulator and the graphite mould  

 

(a) (b) 
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Figure 3.4- Thermocouple set up for temperature measurement 

 

 
Figure 3.5- CR23X MICROLOGGER  

 

In the second approach the melt was poured into a cylindrical steel mould (Figure 3.6). The 
dimensions of steel mould were 90 mm of outside-diameter, 40 mm of inside-diameter, 
90mm of height and 55 mm of inside bore depth. A small graphite crucible was used for 
taking a small portion of the melt to be cast inside the steel mould. The graphite crucible was 
pre-heated before taking the melt in a resistance furnace at 730℃ for almost 5 min and then 
directly floated on the surface of the melt for 3-4 min. The cooling curves also acquired by 
the same method used in the first approach. The solidification rate was almost equal to the 
industrial approach. The collected samples were sawn transverse in two at the position of 
30mm above the bottom surface where the sample had contact with mould. The upper parts 
which were smaller used for macro structural analysis and the lower part were sawn 
longitudinally in two and their electrical conductivity were measured later (Figure 3.7).  The 
upper section plane was ground, polished and etched for macrostructure analysis by the use 
of a digital camera. The etchant´s composition was 50 ml HNO3 + 25 ml HCl + 50 ml 
distilled water.  
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Figure 3.6- Steel mould used for sampling in the second approach  

 

 
Figure 3.7- Longitudinal and transverse sectioning of the sample 

Cutting of the samples causes micro and macro structural damages. In order to make sure that 
macro structural damages do not cause any measurement errors during working with 
electrical conductivity meter a fine grinding with 320 grit paper was carried out. Electrical 
conductivity of the samples was measured by AutoSigma 3000 (EC meter) (Figure 3.8) at 
room temperature and was expressed as a percentage of the International Annealed Copper 
Standard (IACS %). The test instrument was calibrated using copper standards, prior to 
beginning as well as during the conductivity measurements. For each sample 9 readings were 
performed and the median electrical conductivity and the standard deviation were calculated. 
For each trail the median electrical conductivity vs. time between taking the samples was 
plotted. Electrical conductivity of the ingot was also measured as a reference. A sectioned 
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ingot from the commercial pure aluminium was grinded to 320 grit paper (Figure 3.9) and the 
EC was measured in the same way that was ensured for the samples.  

Small portions of two master alloys Al-5Ti-1B and Al-3Ti-0.15C were sawn, mounted and 
polished. Afterwards, they were characterised using SEM (ZEISS Certified Pre-Owned 
Instrument)/EDS (Bruker) micro analyser.  

 
Figure 3.8- AutoSigma 3000 (EC meter) 

The grain refiners were designated with digits from 1 to 4 (1, 2, 3 and 4 correspond to 
TiBloy, Al-5Ti-1B, Al-3Ti-0.15C and Al-3Ti-1B respectively). Each sample is also 
designated with three digits. The first digit presents the type of the master alloy used for grain 
refinement. The second digit presents the additional level of the grain refiner to the melt (1, 2, 
3, 4, 5, and 6 correspond to 0.2gr, 0.4gr, 0.6gr, 0.8gr, 1gr, and 2gr respectively) and the last 
digit shows the time at which the sample was taken (1, 2, 3 and 4 correspond to 0 min, 30 
min, 60 min and 90 min respectively). However, this designation system was applied only for 
samples were taken from the second approach. For example a sample with the code S324 
indicates that the applied grain refiner is Al-3Ti-0.15C, the additional level of the grain 
refiner is 0.4 gr and the sample was collected 90 min after the addition of the grain refiner.  

  
 

Figure 3.9- Cross section of the commercial pure Al ingots. (a). grinded to 320 grit paper 
(b). Polished and macro-etched   
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4- Results and Discussion  

In the present work the electrical conductivity and the macrostructure of commercial EC 
grade 1070 aluminium (commercial pure aluminium) have been studied under a series of 
controlled lab scale trails. In the trails, different grain refiners (TiBloy, Al-5Ti-1B, Al-3Ti-
0.15C, and Al-3Ti-1B) were added to the metal melt, and samples were taken at defined time 
intervals. The resulting samples were sectioned, ground and macro-etched. Afterwards, the 
macrostructure was analysed by the use of a digital camera and the electrical conductivity 
was measured by AutoSigma 3000 (EC meter) at room temperature and was expressed as a 
percentage of the International Annealed Copper Standard (IACS %).  

It should be mentioned that delivering a comprehensive scrutiny of the microstructure and the 
chemical composition of the grain refiners was not the part of the project. As a result, a 
preliminary evaluation of just two types of grain refiners, i.e. Al-5Ti-1B and Al-3Ti-0.15C, 
was carried out by using ESM and EDS. 

4.1- Characterization of the master alloys by SEM and EDS 

Figure 4.1 (A and B) shows scanning electron microscopy (SEM) photomicrographs of Al-
5Ti-1B master alloy. 

  
 

Figure 4.1- SEM photomicrographs of Al-5Ti-1B 
 

 

 

 

 

 

A B 
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Figures 4.2 and 4.3 (a and b) show secondary electron image of the Al-5Ti-1B master alloy 
and the corresponidg X-ray spectra (EDS) that was generated from the points (622 and 623) 
marked on Figure 4.2, respectively.  The EDS results (Figures 4.3a and 4.3b) indicate that the 
phase in point 622 is TiAl3 and in point 623 is pure Al.  

 

 
Figure 4.2- SEM image of Al-5Ti-1B 

 

  

Figure 4.3- Energy dispersive spectroscopy of the particle (big particles) and 
 matrix in Al-5Ti-1B in Fig 4.2 
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Figure 4.4- Energy dispersive spectroscopy of the particles (small particles) 

in Al-5Ti-1B master alloys 
 

The point analysis of the same sample (Al-5Ti-1B) using EDS shows the presence of Al that 
is the predominant element and a small amonut of TiB2 particles (point 629, Figure 4.4b). 

 L. Arnberg et al. [34] showed that the Al-5Ti-1B master alloys normally contain crystals of 
TiB2, (Ti,Al)B2, AlB2, and TiAl3. The microstructural analysis of the master alloys have 
shown that TiAl3 particles are large blocky particles and the tatinuim boride particles are 
clusters of small particles in a matrix of α-Al [35]. As a result, the particles in the image 4.4a 
were supposed to be TiB2 particles. However, the elemental analysis of the sample (Figure 
4.4b) indicates that the Al content is much more than Ti and B contents. Hence, these 
particles might be (Ti,Al)B2 or AlB2 particle.  
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Figure 4.5- SEM images of Al-3Ti-0.15C showing Tic particles in a matrix of α-Al 

   

  

Figure 4.6- energy dispersive spectroscopy spectrum of Al-3Ti-0.15C master alloy 

The Figures 4.5A and 4.5B show the scanning electron microscopy (SEM) micrograph of a 
representative sample of the Al-3Ti-0.15C master alloy and the Figure 4.6A and 4.6B show 
the EDS spectra of the same sample. The point analysis of the particles and the matrix by 
EDS showed the presence of Al, Ti, and C elements in the particles (Figure 4.6A) and the 
presence of only Al in the matrix (Figure 4.6B). Therefore, the particles can be assumed to be   
TiC and/or TiAl3 particles within the aluminium matrix. The present result is in agreement 
with the previous studies that reported the presence of the TiC and TiAl3 particles in Al-Ti-C 
master alloys [36-37].  

 

 

 

 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
keV

0

20

40

60

80

100

120

140

160

180

200

 cps/eV

 C  Al  Ti  Ti 

0.5 1.0 1.5 2.0 2.5 3.0
keV

0

100

200

300

400

500

600

700

 cps/eV

 Al 

(A) (B) 

(A) (B) 

Point 616 Point 617 



35 
 

4.2- Thermal and structural analysis of the samples  

4.2.1- Results from the first approach   

Figures 4.7 and 4.8 show the cooling curves for the commercial pure alumnim grain refined 
by 0.3gr (0.01%) and 1.5gr (0.05%) TiBloy, respectively. The both samples were taken 30 
minutes after the grain refiner addition.  

 

Figure 4.7- Cooling curve (0.01% TiBloy) 

 
Figure 4.8- Cooling curve (0.05% TiBloy) 

The temperature gradients in figures 4.7 and 4.8 indicate that the solidification rate in the first 
method, using graphite mould for sampling, was remarkably low (maximum ~-1.6 k/s in 
Figure 4.7) and was far away from the cooling rate of the melt in industry that was reported, 
by Norsk Hydro Karmøy, to be 8-10 K/s.  
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The micro-structural analysis of the pure Al grain refined by 0.01% TiBloy is shown in 
Figure 4.9.  

 
(a) 0 min, 2.5X 

 
(b) 30 min, 2.5X 

 
(c) 60 min, 2.5X 

 
(d) 75 min, 2.5X 

 
(e) 90 min, 2.5X 

 
(f) 120 min, 2.5X 

Figure 4.9- Micro-structural analysis by polarized light microscopy, 0.02% TiBloy 

The coarse grains in Fig. 4.9 indicate that the grain refiner addition did not have any effect. 
At the same time, due to low solidification rate the dendrites have grown greatly and this has 
made a significant contribution to the formation of the coarse columnar grains.  

The difference between the cooling rate of the melt in the experimental approach and the 
industrial approach led to stop sampling with the graphite mould. The experiments were 
followed by using a steel mould for solidification in place of the graphite mould. 
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4.2.2- Results from the second (main) method  

Figure 4.10 shows the result from the thermal analysis of the aluminium without any 
additions of grain refiners poured into the steel mould. The temperature gradient shows that 
the cooling rate was almost -11 K/s in the first seconds of the solidification. That is very close 
to the cooling rate of the melt in industry. As a result, the steel mould was used for sampling 
during the whole experiment.   

 

 

Figure 4.10- Cooling curve, (Commercial pure Al was poured in the steel mould) 

 

Fig. 4.11 shows macrostructures of commercial pure aluminium grain refined by TiBloy. In 
each image the samples arranged from left to right based on the holding time. It means that 
the first sample in each image from the left is the reference sample (without any grain refiner, 
0min) and the second, the third and the forth samples are 30 min, 60min and 90 min 
respectively. From Figure 4.11 it is obvious that the grain refining performance of the TiBloy 
is weak and the grains are columnar. It can be seen that the only effect of increasing the level 
of the grain refiner (up to 0.1%) on the macrostructure is that the number of the columnar 
grains increased and their size decreased. The effect of the holding time on the 
macrostructure is not very notable. It means that the fading of TiBloy is not much with time.  
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(a) 0.01% TiBloy  

(from left to right: S111, S12, S113, S114) 
 

 
(b) 0.02% TiBloy 

(from left to right: S121, 122,123,124) 

 
(c) 0.03% TiBloy 

(from left to right: S131, S132, S133, S134) 

 
(d) 0.04% TiBloy 

(from left to right: S141, S142, S143, S144) 

 
(e) 0.05% TiBloy 

(from left to right: S151, S152, S153, S154) 

 
(f) 0.1% TiBloy 

(from left to right: S161, S162, S163, S164) 

Figure 4.11- Macrostructure of the commercial pure aluminium grain refined by TiBloy 

 

Figure 4.12 shows the macrostructures of the commercial pure aluminium grain refined by 
the master alloy Al-5Ti-1B. It can be seen that by increasing the level of the grain refiner (Al-
5Ti-1B) from 0.01% up to 0.1% the number of the columnar grains has increased and the size 
of decreased. It indicates that Al-5Ti-1B master alloy cannot grain refine the commercial pure 
aluminium. The Al-5Ti-1B and TiBloy master alloys are very similar in grain refining 
performance.    

Since the macrostructure of all the samples is columnar, talking about the fading is rather 
trivial. That is because fading is considered when a fine grain structure is changed to a coarse 
structure by holding the melt for a long time. However, Figure 4.12 shows that holding the 
melt for 90 minutes result in reduction of columnar grains number as compare to the 
macrostructure of samples with 30 minutes holding time.  
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(a) 0.01%Al-5Ti-1B 

(from left to right: S211, S212,S213, S214) 
 

 
(b) 0.02% Al-5Ti-1B 

(from left to right: S221, S222, S223, S224) 

 
(c) 0.03% Al-5Ti-1B 

(from left to right: S231, S232, S233, S234) 
 

 
(d) 0.04% Al-5Ti-1B 

(from left to right: S241, S242, S243, S244) 

 
(e) 0.05% Al-5Ti-1B 

(from left to right: S251, S252, S253, S254) 
 

(f) 0.1% Al-5Ti-1B 
(from left to right: S261, S262, S263, S264) 
 

Figure 4.12- Macrostructure of the commercial pure aluminium  
grain refined by Al-5Ti-1B 

 

The macrostructures of the aluminium grain refined by the Al-3Ti-1B master alloy is shown 
in Figure 4.13.  

 
(a) 0.05% Al-3Ti-1B 

(From left to right: S451, S452, S453, S454) 
 

 
(b) 0.1% Al-3Ti-1B 

(from left to right: S461, S462, S463, S464) 

Figure 4.13- Macrostructure of the commercial pure aluminium  
grain refined by Al-3Ti-1B 

The grain refining performance of Al-3Ti-1B master alloys is very similar to Al-5Ti-1B and 
TiBloy. None of these three master alloys were efficient (with maximum addition of 0.1%) 
for grain refining of commercial pure aluminium. The comparison of the grain refining 
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performance of the Al-5Ti-1B (Figure 4.12) and the Al-3Ti-1B (Figure 4.13) master alloys 
confirms the earlier work of Kori et al. [24] that the grain refining efficiency of these two 
master alloys are almost similar. However, a few coarse equiaxed grains can be observed in 
the macrograph of S262, but cannot be seen in S462.  

Figure 4.14 shows the macrographs of the commercial pure aluminium grain refined by the 
Al-3Ti-0.15C master alloy. It shows that the grain refining efficiency of Al-3Ti-0.15C master 
alloy is much better than Al-5Ti-1B, Al-3Ti-1B and TiBloy. The grain refining by Al-3Ti-
0.15C with the addition level of 0.02% is more efficient than 0.1% of other grain refiners 
(compare S322 with S162, S262 and S462). At an addition of 0.05% of the carbide grain 
refiner, the columnar zone nearly disappeared, whereas this zone could be still observed in 
the case of all other grain refiners. The Al-3Ti-015C master alloy with the addition level of 
0.1% is the most efficient refiner. The reproducibility test, Figure 4.15, with 0.05% Al-3Ti-
0.15C addition confirmed the previous result on grain refining efficiency of the Al-3Ti-0.15C 
(compare Figures 4.14e and 4.15). 

LI Jian-gue et al. [27] have shown that at the addition level of 0.2% master alloys to the 
commercial pure aluminium, the grain refining performance of Al-5Ti-1B master alloy was 
superior to the Al-3Ti-0.15C, Al-5Ti-0.2C and Al-5.5Ti-0.25C. Contrary to this, present 
investigation showed that at addition level of 0.1% to the commercial pure aluminium the 
grain refining performance of Al-3Ti-0.15 was superior to Al-5Ti-1B master alloy.  

In the case of Al-3Ti-0.15C master alloy the fading effect is brought out in the macrograph 
corresponding to long time interval after grain refiner addition. Though, with the addition 
level of 0.1% Al-3Ti-0.15C master alloy, even after 90 minutes from addition the grains are 
equiaxed but courser than 30 minutes (compare S362 and S364). 
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(a) 0.01% Al-3Ti-0.15C 

(from left to right: S311, S312, S313, S314) 
 

 
(b) 0.02% Al-3Ti-0.15C 

(from left to right: S321, S322, S323, S324) 
 

 
(c) 0.03% Al-3Ti-0.15C 

(from left to right: S331, S332, S333, S334) 
 

 
(d) 0.04% Al-3Ti-0.15C 

(from left to right: S341, S342, S343, S344) 

 
(e) 0.05% Al-3Ti-0.15C 

(from left to right: S351, S352, S353, S354) 
 

 
(f) 0.1% Al-3Ti-0.15C 
      (from left to right: S361, S362, S363, S364) 

Figure 4.14- Macrostructure of the commercial pure aluminium  
grain refined by Al-3Ti-0.15C 

 

 
Figure 4.15- Macrostructure of the commercial pure aluminium 

grain refined by  0.05% Al-3Ti-0.15C (reproducibility test) 
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4.3- Electrical conductivity measurements 

Electrical conductivity of the samples from the second approach was measured by 
AutoSigma 3000 (EC meter) at room temperature, and was expressed as a percentage of the 
International Annealed Copper Standard (IACS %). The test instrument was calibrated using 
copper standards, prior to beginning, as well as during the conductivity measurements. For 
each sample, 9 readings were performed and the average electrical conductivity (the median 
value) and the standard deviation calculated. For each trail the median electrical conductivity 
vs. time between taking the samples was plotted.  

A sectioned aluminium ingot (commercial pure aluminium) was ground with 320 grit size 
papers, and the EC was measured in the same way as for the pervious samples and used as a 
reference. The Table 4.1 shows the results of EC measurement of the commercial pure 
aluminium.  

Table 4.1- Electrical conductivity measurement of the commercial pure aluminium  

Measurement 
Number 

1 2 3 4 5 6 7 8 9 Average Standard 
Deviation 

Median 

IACS% 61 61.1 61.6 61.3 61.3 61.7 61.3 61.3 61.4 61.2 0.2 61.2 

 

The median IACS% number of the commercial pure aluminium (61.2 IACS %) was selected 
as the reference to be compared with the EC number of the grain refined commercial pure 
aluminium to determine the effect of the grain refining performance on the conductivity. 

The Figures 4.16, 4.17, 418 and 4.19 show the electrical conductivity of the grain refined 
aluminium versus time after the grain refining addition. The electrical conductivity of the 
commercial pure aluminium (61.2 IACS %) is also included in the diagram as a straight line 
to be able to compare the results. It is clear from the figures that the electrical conductivity of 
the grain refined aluminium is very close to the electrical conductivity of the commercial 
pure aluminium. The small changes could be due to the apparatus (EC meter) accuracy and/or 
operator errors. The EC meter accuracy mentioned in the technical specification manual of 
the apparatus is ±0.1 % IACS and ±0.5 % IACS at 20℃ and 10% IACS and at 20℃ and 
100% IACS, respectively. As a result, the electrical conductivity of commercial pure 
aluminium, grain refined by the master alloys TiBloy, Al-5Ti-1B, Al-3Ti-0.15C, and Al-3Ti-
1B, with the maximum addition of 0.1%, does not change remarkably. That could be due to 
the extremely low value addition of the grain refiners to the pure aluminium. For instance, the 
Ti amount which is introduced to the melt by addition of 0.1% Al-3Ti-0.15C is about 
0.003%. If compare this with the data in the Table 1.1, it is clear that 30ppm Ti in solution 
will not extremely decrease the electrical conductivity of the commercial pure aluminium [3].   
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The Figure 4.20 shows the electrical conductivity measurements of the reproducibility test 
compared to the corresponding test in the experiment and the EC of the pure Al. It can be 
seen that the electrical conductivity of them are very close to each other and also close to the 
electrical conductivity of the pure aluminium.  

 
Figure 4.16- Variation in conductivity vs. time by addition of TiBloy 

 

 
Figure 4.17- Variation in conductivity vs. time by addition of Al-5Ti-1B 
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Figure 4.18- Variation in conductivity vs. time by addition of Al-3Ti-0.15C 

 

 
Figure 4.19- Variation in conductivity vs. time by addition of Al-3Ti-1B 
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Figure 4.20- Variation in conductivity vs. time by addition of 1gr Al-3Ti-0.15C 
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5- Conclusions 

The present study gives a good insight on how small addition of different grain refiners 
(TiBloy, Al-5Ti-1B, Al-3Ti-0.15C and Al-3Ti-1B) can influence the microstructure, as well 
as the electrical conductivity of commercial EC grade 1070 aluminium (commercial pure 
aluminium).  The main findings are as follows: 

1. The grain refining performance of TiBloy, Al-5Ti-1B, and Al-3Ti-1B master alloys 
with the maximum addition level of 0.1% is weak, and the grains are columnar. It 
means that none of these three master alloys were efficient at grain refining 
commercial pure aluminium. 

2. The only effect on the macrostructure of increasing the level of TiBloy, Al-5Ti-1B, 
and Al-3Ti-1B master alloys (up to 0.1%) is that the number of the columnar grains 
increased and the size decreased. 

3. Holding the melt for 90 minute after grain refining (TiBloy, Al-5Ti-1B, and Al-3Ti-
1B) showed a moderate decrease in the numbers of columnar grains. 

4. The grain refining efficiency of Al-3Ti-0.15C master alloy is significantly better than 
Al-5Ti-1B, Al-3Ti-1B and TiBloy.  

5. In the case of Al-3Ti-0.15C master alloy there is slight fading effect corresponding to 
long holding time (90 minutes) after grain refiner addition.  

6. The electrical conductivity of the commercial pure aluminium grain refined by 
TiBloy, Al-5Ti-1B, Al-3Ti-0.15C and Al-3Ti-1B master alloys, with the maximum 
addition of 0.1%, did not change remarkably. 

7. By considering the influence of the grain refiners (TiBloy, Al-5Ti-1B, Al-3Ti-1B, and 
Al-3Ti-0.15C) on attainment of fine equiaxed grains, as well as on the electrical 
conductivity of commercial pure aluminium, it can be concluded that the Al-3Ti-
0.15C master alloy is the most efficient grain refiner.  

All the results reported in the present study are based on series of controlled lab scale 
trails.  
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Further work 

For further optimization and evaluation of grain refining performance on commercial pure 
aluminium it is recommended to consider the following:   

1. Conduct a series of controlled lab scale trails by addition of the same grain refiners as the 
once used in the present work, but with higher addition level than 0.1%.  

2. Conduct industrial scale experiment to investigate if the results that were achieved by 
addition of the Al-3Ti-0.15C master alloy to the commercial pure aluminium will be 
maintained in a larger scale, i.e. production scale.   
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