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Abstract 

Grain refinement is an important opportunity to improve mechanical properties of fusion 

welds and the weldability (cracking sensitivity) of the base metal. In this thesis, grain 

refinement was achieved for aluminium welds by additions of a grain refiner. For this 

purpose, inserts consisting of aluminium base metal and small additions of commercial Al 

Ti5B1 grain refiner were cast, deposited in base metal plates, and fused in a gas tungsten 

arc (GTA) welding process. As a result, higher grain refiner additions increased the weld’s 

titanium and boron content resulting in a significant decrease in the weld metal mean grain 

size up to 86%. This grain size reduction led to a transition from predominantly columnar to 

equiaxed grain shape (columnar to equiaxed transition CET). 

The grain refinement was thereby found to be strongly dependent upon the base metal 

chemical composition. Accordingly, the grain refining efficiency was the highest in 

commercial pure Al (Alloy 1050A, Al 99.5), followed by Alloy 6082 (Al Si1MgMn) and Alloy 

5083 (Al Mg4.5Mn0.7). In this regard, the parameters P and Q were applied to investigate 

the influence of alloying elements on the supply of constitutional undercooling during 

solidification and on final grain size. Also, WDS (wavelength dispersive x-ray spectroscopy) 

and TEM (transmission electron microscopy) analysis found an increasing number of 

particles rich in Ti and B. These substrates are probably TiB2 particles coated by Al3Ti likely 

nucleating Al grains during solidification. 

The variation in torch speed showed that increasing torch speeds support the CET effect 

leading to many small and equiaxed grains at high torch speed. To give explanations for 

this observation, the thermal conditions, that are controlled by welding parameters such as 

torch speed, were determined with temperature measurements via thermocouples. These 

measurements revealed that solidification parameters like solidification growth rate, cooling 

rate, (local) thermal gradient and solidification time vary significantly along the solidification 

front (from weld centreline to weld fusion line). In a further step, the solidification 

parameters were related to the corresponding grain size and shape. On the basis of this 

comparison, an analytical approach was used to model the CET. This allowed the 

prediction of critical values for both solidification growth rate and thermal gradient, at which 

the CET occurs in aluminium weld metal. 

The influence of grain refinement on the weld mechanical properties was investigated in 

tensile tests. Accordingly, the ductility of Alloy 5083 welds was increased through grain 

refinement whereas no improvement in weld metal strength was observed. Furthermore, 

tear tests with notched specimens revealed for Alloy 1050A that the resistance against 

initiation and propagation of cracks in the weld metal can be enhanced through grain 

refinement. In addition, when welding Alloy 6082, weld metal grain refinement prevented 

the formation of centreline solidification cracking that was present only in welds with 

unrefined grain structure. 

On the basis of the above experiments, the Ti/B contents needed in commercial filler wires 

or rods to allow optimum weld metal grain refinement were estimated. Accordingly, this 

work gives specific recommendations to filler material producers through a simple 

calculation that considers the influence of base alloy and welding process. The results show 

that the Ti/B contents defined by the corresponding standards for filler alloys are too low to 

allow weld metal grain refinement. 
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1 Introduction 

One important aspect of a metal or alloy is its microstructure: size and shape of the crystals 

or “grains” have a great influence on the physical properties of the metal / alloy. For 

example, small and equiaxed (= spherical) grains usually provide enhanced mechanical 

properties such as high strength and ductility [Roo02]. This improvement is used, for 

instance, in metal casting or in rolling of fine-grained high-strength steels. Furthermore, 

small grains are known to decrease the metal’s susceptibility to cracking during 

solidification, which is a severe defect in e.g. cast ingots. In contrast, large and long-shaped 

grains can reduce the mechanical properties and increase the sensitivity to solidification 

cracking of an alloy. 

Grain refinement is achieved most often by the addition of a grain refiner to the melt before 

pouring. The addition of such a master alloy brings small and usually insoluble particles into 

the melt that are known to be effective solidification nuclei. During solidification, many of 

these particles “get activated” and nucleate grains. Also, nucleation is enhanced by a 

favourable chemical composition of the grain refiner. The subsequent grain growth of many 

grains at the same time leads finally to a small grain size. Nowadays, grain refinement has 

become an important approach to allow safe and economic casting and rolling processes 

and to ensure improved properties of cast and rolled products [Slz10]. 

As a consequence, it is worth to consider grain refinement for fusion welding since this 

joining technique implies local fusion and solidification of metallic components that have to 

be joined. Fusion welding is one of the most important joining technologies for metals. In 

comparison to other methods such as e.g. riveting or screwing, fusion welding is a very fast 

and economic joining technology. Therefore, welding is widely used to join metallic 

components of e.g. cars, trains, ships, airplanes or vessels. In many of these applications, 

aluminium is today the principal construction material, which can be usually joined easily by 

welding [Fri07]. Regarding aluminium welding, the gas-tungsten-arc (GTA) welding process 

is one of the most important ones. 

The application of grain refinement in aluminium fusion welds promises enhanced weld 

mechanical properties and an improved weldability, which, for aluminium, is expressed 

mainly by the alloy’s susceptibility to solidification cracking. One possibility to realise a fine 

weld metal grain structure is the addition of grain refiner to the filler material that is fused in 

the welding process filling the gap between the components that are joined. A further key 

variable regarding weld metal grain refinement are, in addition to weld geometry, the 

solidification conditions in the weld pool. Welding parameters like welding speed or heat 

input control solidification parameters such as cooling rate or thermal gradient that again 

influence strongly size and shape of the weld microstructure [Kou03]. 

Thus, one has to understand the influence of both chemical composition and solidification 

conditions in order to develop welding processes and filler materials that allow optimum 

weld metal grain refinement. 
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2 Background 

The background section summarises the state of the art of the most important issues on the 

subject of this thesis. Besides the basics on aluminium and welding, the mechanism of 

grain refinement and the influence of chemical composition and solidification conditions on 

the grain structure are highlighted. 

2.1 Aluminium 

Aluminium has become during the last century one of the most important construction 

materials in engineering. The extraction of aluminium is complex and expensive; 

nevertheless, aluminium is used due to its favourable properties in many applications such 

as thin foils, beverage cans, vessels or aircraft components. Also, aluminium welding 

becomes more and more important since welding is a very efficient and comparably cheap 

joining technology. The following pages give a short summary of production, key properties 

and main applications of aluminium as well as important aspects regarding aluminium 

welding. 

2.1.1 Production, properties and application 

Aluminium is together with oxygen and silicon one of the most frequent elements of the 

Earth`s crust [Roo02]. Due to its high chemical affinity for oxygen, aluminium is however not 

present as a pure metal but has to be extracted from oxides [Sve03]. The most important Al 

oxides are “bauxites” that contain hydrated forms of Al oxides [Sve03], named after Les 

Beaux de Provence in Southern France where they were found first [Grj97]. Al oxides such 

as Al2O3 are one of the most stable chemical compounds. Furthermore, they contain 

impurities of elements that are lighter than Al, which cannot be removed by a common 

chemical oxidation process [Roo02]. Instead, fused-salt electrolysis has to be used to 

extract Al from the oxides [Mcc85]. This process, however, needs plenty of energy, which 

explains the high production costs for primary aluminium compared to other metals [Alt70]. 

The properties of pure aluminium can be improved significantly with alloying elements 

where the most important ones are copper, manganese, magnesium, silicon and zinc 

[Bar08]. One generally distinguishes between aluminium cast alloys and wrought alloys. 

Most cast alloys are Al-Si alloys with Si contents between 5 and more than 20 wt.-% 

providing a good castability [Roo02]. In contrast, wrought alloys need to have a high 

deformability and strength and they are used for rolling and extrusion products such as 

films, plates or profiles. Besides solid solution hardening and grain refinement, the most 

important strengthening mechanisms used in Al wrought alloys are strain hardening and 

precipitation hardening. The latter mechanism allows strengths of more than 600 MPa and 

can be applied to Al alloys that contain additions of Cu, Mg, Mn, Si or Zn [Wei07]. Here, a 

specific heat treatment consisting of annealing, quenching and subsequent natural ageing 

(at room temperature) or artificial ageing (at elevated temperatures) produces fine-

dispersed precipitations that allow a high strength. The American Aluminum Association 
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divides the wrought aluminium alloys into eight different series according to their main 

alloying element, see Table 2.1 [Kau00, Alu06, Wei07]. 

Dependent upon alloy content, degree of cold work and heat treatment, aluminium provides 

several important advantages compared to steel: 

 Low density (2.7 g/cm³ compared to 7.8 g/cm³ for steel) [Hes08] 

 Favourable strength-weight ratio 

 High corrosion resistance 

 High ductility and toughness 

 High thermal conductivity (230 W/(m∙K) for commercial pure Al compared to 50 

W/(m∙K) for low-alloy steel) [Mer03] 

 High electrical conductivity (38∙10
6
 S/m for commercial pure Al compared to 10∙10

6
 

S/m for low-alloy steel) [Mer03] 

These properties made aluminium over the years the most important non-ferrous metal and 

light-weight construction material in industrial applications [Bar08]. For example, the U.S. 

primary aluminium production increased from 2.300 t in 1900 to 450.000 t in 1945 and to 

1.730.000 t in 2009 [Kel09]. This trend of a strongly raising demand for aluminium still 

continues in the year 2012 [Kar12]. Furthermore, secondary aluminium (= recycled primary 

Al) becomes more and more important [Soa03], which shows the European recycling rate 

that increased until 2007 to 40 to 95% (dependent upon the product) [Hei10]. 

Table 2.1 Wrought aluminium alloys series [Kau00, Alu06, Wei07] 

Series 
Main alloying 

element(s) 
Main strengthening 

mechanism 
One important 

property 
One typical 
application 

1xxx - 
Solid solution 

hardening 
High formability 

Packaging 
foils 

2xxx Cu 
Precipitation 
hardening 

High strength 
Aircraft 

components 

3xxx Mn Cold work 
High corrosion 

resistance 
Cans 

4xxx Si Cold work High formability Pistons 

5xxx Mg 
Solid solution 

hardening 
High corrosion 

resistance 
Ship bodies 

6xxx Mg + Si 
Precipitation 
hardening 

High formability Car frames 

7xxx Zn 
Precipitation 
hardening 

High strength Bicycle frames 

8xxx Misc. 
Precipitation 
hardening 

High strength 
Aircraft 

components 

 

Today, aluminium is widely used in vehicle constructions, shipbuilding and aerospace 

industry as well as in container constructions or in the packaging industry [Wei07], recall 



2 Background 

4   BAM-Dissertationsreihe 

Table 2.1. In the large German market for aluminium products, for example, Al was used in 

2009 particularly in transport industry (37%), architecture (18%) and mechanical 

engineering (9%) and as packaging material (12%) [Non11]. In the automotive industry, 

aluminium became during the last ten years an important material for structural 

components: Compared to steel, aluminium shows excellent crash behaviour (due to its 

high energy absorption behaviour), a very high corrosion resistance and a high strength-

weight ratio that allows light-weight constructions and consequently a significant reduction 

of the fuel consumption [And09]. 

2.1.2 Aluminium welding 

Welding is a widely applied joining technology for aluminium products [Rei10]. One 

important application for aluminium welding is for example welding of structural aluminium 

components in cars. These parts are usually made of mid-strength 6xxx aluminium alloys 

that are joined by GMA (Gas Metal Arc) or Laser Beam (LB) welding [And09]. Ships (5xxx 

Alloys) and e.g. bicycle frames (7xxx Alloys) are frequently welded by Gas Tungsten Arc 

(GTA) and GMA welding. Also, aluminium welding was started about ten years ago in 

aerospace industry where aluminium is still the most important construction material 

[Pal06]. Further important aluminium welding technologies are friction welding and friction 

stir welding [Daw96], which are solid-state joining processes. The Al parts are here joined 

by plastic flow due to high process loads often providing higher joint strengths than for 

aluminium fusion welds [Man02]. 

In comparison to steel, aluminium microstructure does not show solid-state transformations. 

Consequently, the solidification conditions alone determine the properties of aluminium 

welds [Cro03]. As a result, the weakest part of an aluminium fusion weld is usually the weld 

metal (cold worked alloys, due to the loss of cold work) and/or the heat-affected zone 

(precipitation-hardened alloys, owing to precipitation coarsening) [Mat02]. This strength loss 

due to welding, comparing weld metal with base metal strength, is usually in the order of 

50% [Cro03]. In some cases, it can be limited by a post-weld heat treatment. A further issue 

in aluminium welding is porosity [Shr02] because of the high solubility of hydrogen in liquid 

aluminium and the fast solidification of Al welds compared to steel [Kou03]. 

One of the most severe challenges in aluminium welding is the occurrence of cracks during 

solidification [Bec02]. The susceptibility to solidification cracking defines the weldability of 

an aluminium alloy [Dvo91] and depends upon alloy system, welding conditions and weld 

geometry. Some alloys have such a high cracking tendency that welding without cracking is 

not possible. Unfortunately, this concerns many high-strength Al alloys (2xxx and 7xxx 

alloys). This explains the use of mechanical joining technologies (particularly riveting) e.g. in 

aerospace industry where most components are still made of 2xxx and 7xxx alloys [Pal06]. 

Solidification cracks can form during solidification of the weld pool when the grains or 

dendrites impinge on each other. From this moment on, stresses and strains owing to 

solidification shrinkage and thermal contraction can be carried by the solidifying material 

and may lead to a rupture of the remaining liquid film at the grain boundaries. One 

explanation for this rupture is the excess of a critical strain limit within the Brittle 

Temperature Range (BTR) [Pum48], which is part of the solidification range. For several 

alloys it has been shown that large solidification ranges correspond to a higher 
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susceptibility to solidification cracking [Bec02]. A further explanation is given by models that 

define a critical strain rate to be mainly responsible for crack initiation and subsequent crack 

growth. One example is the Rappaz-Drezet-Gremaud criterion (RDG), which describes the 

pressure drop of the liquid phase between the roots of two neighboured dendrites suffering 

insufficient liquid feeding [Rap99]. 

Furthermore, distribution and chemical composition of the interdendritic liquid phase can 

influence the solidification cracking behaviour of aluminium weld metal [Plo06]. This points 

out that the aluminium alloy’s chemical composition plays an important role regarding its 

weldability [Esk04]. For instance, there have been reported maximums in the crack 

sensitivity of 6xxx alloys (Al-Mg-Si) depending on the content of the alloying elements. This 

peak susceptibility, sometimes also called “hot short range” [Mat02], lies at a concentration 

level of about 0.3 wt.-% magnesium and 0.4 wt.-% silicon, respectively [Jen48], see Fig. 

2.1a. Peak susceptibilities at a certain chemical composition were also reported for the alloy 

systems Al-Cu-Si (see Fig. 2.1b [Jen48]), Al-Si [Sin46], Al-Cu [Pum48], Al-Mg [Dow52] and 

Al-Mg2Si [Jen48]. 

              

Fig. 2.1 Solidification crack length dependent upon chemical composition (a: for Al-Mg-Si from ring-
casting tests, b: for Al-Cu-Si from restrained welds), from [Jen48] 
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For this reason, an important way to increase the weldability of crack-sensitive Al alloys is 

the use of an appropriate filler material that shifts the weld metal chemical composition to a 

more favourable value regarding its cracking susceptibility [Dud66, Mou97]. Very frequently 

used filler materials are 4xxx alloys (Al-Si) whose elevated Si contents change composition 

and viscosity of the liquid phase thus reducing the cracking susceptibility [Plo06]. However, 

the mechanical properties such as strength and ductility of these welds are usually 

restricted to lower values. One possibility to limit this drop is the refinement of the weld 

metal grain structure [Ses08] as shown in this thesis. 

2.2 GTA welding process 

Gas tungsten arc welding (GTAW) is a fusion welding process where the heat for fusion 

and joining of two components (base metals) is provided by an electrical arc [Fri07], see 

Fig. 2.2. This arc is established by a welding current source between a non-consumable 

electrode made of tungsten and the workpiece surface. Arc currents of several 100 A and 

voltages up to 20 V maintain the electrical arc that is moved along the joint by moving the 

welding torch that contains the electrode. Due to high arc temperatures of several 1000 °C, 

the torch also provides cooling water that is in contact with the tungsten electrode 

preventing it from overheating or even melting [Wel96]. During welding, shielding gas flows 

out from a nozzle at the torch tip and surrounds arc and weld pool (= liquid weld metal). 

This gas usually consists of an inert gas such as Argon or Helium or a mixture of both. The 

shielding gas makes the electrical arc stable and protects electrode, filler material and weld 

pool from reactions with the surrounding atmosphere [Shr02]. 

 

Fig. 2.2 Gas tungsten arc welding (GTAW) process 

For aluminium welding, one has to consider that Al that is exposed to air forms immediately 

a ”protective skin”, which is a passive oxide layer consisting particularly of Al2O3 [Cro03], 

and which explains the high corrosion resistance of Al compared e.g. to steel [Hes08]. 

Al2O3, however, has a high melting point that is about 2000 °C compared to 660°C for pure 

Al [Mer03]. Hence, sufficient heat is needed in the welding process to fuse and remove the 
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oxide layer. This is often achieved by using alternative weld currents (AC) with a frequency 

of e.g. 50 Hz: during the negative half-wave, the electrode is negative and emits electrons 

that, when they enter the workpiece, release heat fusing both Al and Al oxide layer. During 

the positive half-wave, the electrode emits positive and heavy ions that, when they impact 

on the workpiece, knock off the oxide film and clean the weld surface [Kou03]. But the 

positive half-wave heats the electrode up. Thus, a positive electrode has to be limited to a 

short time interval when using AC; values between 20% and 30% are common. Aluminium 

welding is also sometimes accomplished using direct current with a negative electrode 

(DCEN). In this case, the shielding gas is usually pure Helium, which has a higher ionisation 

potential than Argon [Kou03]. The resulting high heat input allows fusing both oxide layer 

and workpiece although the electrode polarity is negative all the time. 

In most GTAW applications, a filler material is added in the form of rods or wires to the weld 

metal [Wel96], see Fig. 2.2. This allows to control weld metal chemical composition and 

weldability (recall section 2.1.2). Furthermore, the filler material fills the gap between the 

workpieces that are joined. 

Regarding the filler material, the burn-off of elements such as titanium during the welding 

process has to be taken into account, especially for GMA welding. This loss in alloying 

elements is due to evaporation (GTA, GMA and LB welding) and electrochemical reactions 

(GMA welding) [Blo84, Kim90, Kou03]. The burn-off has been observed particularly for 

reactive elements such as Mg [Pas99] and Mn [Kim90]. Elsewhere, it was argued for laser 

beam welding that the loss in elements with high melting point (such as Ti) through burn-off 

is likely low [Wes98]. Furthermore, it was suggested that the vapour pressure of each 

element influences its tendency for burn-off during welding [Blo84]. One consequence of 

the element loss is that commercial filler wires usually contain higher contents of alloying 

elements than actually needed in the weld metal. 

2.3 Grain refinement 

The grain size is the mean crystal size of a metal or alloy. Dependent upon solidification 

(during casting or welding) and degree of plastic deformation (e.g. during rolling), the grain 

size can vary from several µm to several mm. It is of note that the grain size has a great 

influence on the properties of the metallic component – small mean grain sizes (or a “fine” 

microstructure) provide important advantages that are presented in summary below. This 

explains the need for grain refinement that can be achieved through different approaches 

during solidification of a metal (as presented here) or through forming after solidification. 

Since fusion welding implies local fusion and re-solidification of a metal, grain refinement 

plays an important role in welds to ensure an efficient welding process that produces welds 

of high quality. 

2.3.1 Benefits of grain refinement 

Mechanical properties 

Grain refinement is an important strengthening mechanism in metallic materials besides 

solid solution hardening, precipitation hardening and strain hardening. One advantage of 

fine-grained microstructure is high yield strength, i.e. a high resistance to plastic 
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deformation. Plastic deformation is related to the movement of defects of the atomic lattice 

(e.g. dislocations), which results in slipping of atoms on favoured planes of the crystal 

[Roo02]. Hence, the dislocation movement has to be hindered to allow high yield strengths. 

This can be achieved by many small and hard precipitates (precipitation hardening) or grain 

boundaries (grain size hardening): the smaller the grains, the more grain boundary area 

forms a barrier against the propagation of slipping from one to another grain [Roo02]. 

Furthermore, the dislocations repel each other and each dislocation needs a certain amount 

of energy to start moving, from which it follows that a high dislocation density also increases 

the yield strength. This strain hardening mechanism is applied to cold working of metals. In 

addition, a high dislocation density allows a higher degree of plastic deformation and 

provides a further important advantage: high ductility. It is known that an increase in 

dislocation density can also be achieved with grain refinement during plastic deformation 

(solid state grain refinement), which is not discussed here [Roo02]. 

There are several explanations for the grain size hardening mechanism: Hall [Hal51] and 

Petch [Pet53] argued that moving dislocations of like sign pile up at the grain boundaries 

producing stress, which finally allows the plastic deformation to propagate to a neighboured 

grain. The larger the grain size, the more pronounced is the dislocation pile-up at each 

grain boundary, the higher is the local stress produced and the lower is the resistance to 

yielding. Cottrell [Cot58] proposed that the dislocation pile-up at the grain boundaries leads 

to the formation of Frank-Read sources that produce further dislocations, which increases 

the dislocation density and strength. Li [Lij63] suggested that dislocations do not pile-up, but 

that they are produced in thin ledges at the grain boundaries. Furthermore, the propagation 

of plastic deformation between two neighboured grains needs more energy if the angle 

between the atomic lattices of both grains is large. This emphasises the need for many, 

differently oriented grains and a fine grain structure [Rös06]. Consequently, grain 

boundaries block the propagation of dislocations / plastic deformation on the one side, 

which increases strength. On the other side, grain boundaries may increase the dislocation 

density through the generation of new dislocations, which increases ductility. 

The increase in yield strength (Re) through grain size hardening can be described with the 

Hall-Petch relationship, see equation (2.1). Here, σ0 and c are material parameters that are 

effected by alloy content, grain shape and crystallographic texture [Tir03] and d is the grain 

size. σ0 is a frictional stress that is low for pure metals (e.g. 10 MPa for pure Al) and that 

increases with increasing alloy content (e.g. 20 MPa for 99.5 wt.-% Al) due to solid solution 

hardening [Han77]. c characterises the difficulty to transmit slip across the grain boundary 

[Emb89] and represents therefore the capability of grain size hardening for a given alloy 

system. Grain size hardening is, however, not very strong in aluminium why c is low for 

many Al alloys (2 N/mm
3/2

 to 6 N/mm
3/2

 [Llo80, Emb89, Emb96]) compared to 4 N/mm
3/2

 for 

Cu [Hor06], 10 N/mm
3/2

 for brass [Hor06] and 22 N/mm
3/2

 for mild steel [Got98]. 

Furthermore, the higher the plastic deformation, the lower is c; for Al, c can reach 0 at 

plastic strains > 10% [Han77]. 

5.0

0

 dcRe  (2.1) 

Many studies were made about the influence of grain size on the mechanical properties of 

Al alloys. The yield strength of Al-Mg alloys was found to increase up to 25% through grain 

refinement [Phi52, St03]. The ductility was clearly improved but not the tensile strength 
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[Car57]. Hansen [Han77] confirmed the Hall-Petch relationship with tensile tests for pure Al, 

recall equation (2.1). He determined via TEM (transmission electron microscopy) the 

dislocation density in cold rolled plates of pure Al (dependent upon grain size and strain) 

and confirmed the above approaches that assume the grain boundaries to produce 

dislocations during deformation. Accordingly, microstructure with small grain sizes (46 µm) 

produced three times more dislocations than microstructure with large grain sizes (490 µm) 

(at constant plastic strain = 10%) [Han77]. For 2xxx (Al-Cu), 5xxx (Al-Mg), 6xxx (Al-Mg-Si) 

and 7xxx (Al-Zn) alloys, it was argued that there are conflicting requirements for optimum 

yield strength and optimum fracture toughness [Sta76, Hor93, Kau01]: on the one side, a 

high yield strength implies a high resistance to dislocation motion. On the other side, high 

fracture toughness implies high plasticity and thus a need for dislocation motion in order to 

round off pre-existing cracks and to harden the crack tip [Jat86, Hor93]. Nevertheless, 

experiments revealed that grain refinement can increase the fracture toughness e.g. of 

Alloy 7075 [Hor93]. 

The effects of grain refinement on the mechanical properties of GTA (gas tungsten arc) 

welds were investigated for precipitation hardened Al alloys in several studies. It was found 

that weld metal grain refinement can enhance particularly yield strength and ductility 

[Ram03, Dev07, Ses08] and in some cases tensile strength [Ara73] of the weld metal. In 

one case, the weld metal hardness was improved by grain refinement [Ram03]. In friction 

stir processing, grain refinement and intense plastic deformation can result in very high 

strength, ductility and toughness that can exceed the Al base metal values [Cui09]. 

Weldability 

In fusion welding, weld metal grain refinement is an important possibility to reduce the base 

metal’s susceptibility to solidification cracking and to improve its weldability [Dvo91]. It has 

been shown in several studies that the susceptibility to solidification cracking can be 

reduced significantly by grain refinement [Mat83, Dvo89, Mou99, Ram00]. In these studies, 

weld metal grain refinement was achieved by adding grain refiner to the weld pool; tensile 

loads perpendicular to the welding direction provoked the formation and propagation of 

solidification cracks (= weldability tests). The positive influence of grain refinement on the 

formation of solidification cracks is also known from Al castings [Spi83, Mur02]. Smaller 

grains with an equiaxed shape are believed to have a higher resistance to crack 

propagation because the thermal strain is distributed between more grain boundaries 

[Spi83]. In addition, it was argued that the increase in grain boundary volume reduces the 

peak concentration of elements that facilitate solidification cracking [Tse71]. A further 

explanation deals with an improved feeding of the interdendritic liquid at low mean grain 

sizes [Bra00]. Also, the grain morphology was observed to influence the weldability: small, 

equiaxed weld metal grains showed a higher resistance to the propagation of solidification 

cracks than long, columnar grains [Kou85a, Kou85b]. 

Further benefits 

Grain refinement is an important and widely used approach to improve the castability of Al 

cast alloys [Bäc86]. Small, equiaxed grains instead of large, columnar grains promote a 

uniform solidification in the cast ingot and uniform ingot properties [Crt89]. Meanwhile, the 

liquid feeding and hence filling of cavities during solidification is improved through grain 

refinement [Dah96, Sta12]. This allows higher casting rates [Kas01] and lower shrinkage 
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porosities [Moh95]. Besides mechanical properties and crack sensitivity (see above), grain 

refinement was suggested to improve the machinability of Al products [Gra83]. 

Furthermore, coarse grain structure can cause surface defects in extruded or rolled 

products [Gra85]. Also, there were reported minor effects like an improved transparency to 

non-destructive testing (NDT) with ultrasonics [Thr80]. 

2.3.2 Grain refinement through grain refiner additions 

The most important application of grain refinement is the casting process of metals. Here, a 

fine grain structure provides important advantages that are presented above. Grain 

refinement is usually achieved by the use of a grain refiner. Such commercial grain refiners 

are purchased in the form of e.g. rods or waffles and they are added to the aluminium melt 

before pouring. The most important points regarding the grain refiner are its 

 Chemical composition 

 Distribution in the melt after melting 

 Contact time to the melt 

There are several chemical elements that are known to be effective for aluminium grain 

refinement. The most important one is titanium which was used first in the early 30s of the 

last century to achieve a better castability in aluminium castings [Ros30]. The following 

development of more effective grain refiners resulted in the design of both binary and 

ternary master alloys, which are today widely used in the aluminium casting industry. The 

most frequently used ones are alloys of the composition Al-Ti, Al-Ti-B, Al-Ti-C, Al-Zr or Al-

Sc
 
[Mur02]. Regarding additions of Ti and/or B, Al-Ti-B master alloys are considered to be 

more efficient than e.g. Al-Ti or Al-B grain refiners [Del71]. One of the most important and 

most efficient aluminium grain refiners is the master alloy Al Ti5B1 [Eas01b, Sch08] that 

contains 5 wt.-% titanium and 1 wt.-% boron. Boron can enhance the grain refinement 

efficiency of the master alloy
 
[Guz87], dependent upon the Ti/B ratio [Slz10]. Both titanium 

and boron are present in the master alloy in the form of particles such as Al3Ti [Cly51] and 

TiB2 [Cib49] that are some µm large. Some of them do not dissolve in the melt and act 

during the subsequent solidification as heterogeneous solidification nuclei of aluminium 

grains. Thus, increasing grain refiner additions usually increase the number of nucleation 

events during solidification resulting in a lower mean grain size. The importance of both 

chemical composition and particle type of the grain refiner are presented in detail in section 

2.4. 

A uniform distribution of the grain refining elements in the aluminium melt is usually 

achieved by mechanical or magnetical stirring [Des90]. Furthermore, “fading” can occur if 

the time period between grain refiner addition and pouring is too long. Fading understands 

the settling [Mur02] or the dissolution of added particles that are important for promoting 

grain refinement [Kea97, Lim03]. As a result, the grain refiner efficiency can decrease 

strongly. The most important control variable to avoid this effect is the adjustment of an 

optimum contact time to provide optimum grain refinement [Jon76]. 
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2.3.3 Grain refinement in aluminium welds 

One way to achieve small weld metal grains is the addition of grain refining elements to the 

filler rod or wire that is fused in the arc welding process. Some commercial welding 

electrodes (= filler wires or rods) for GTA and GMA (gas metal arc) welding contain small 

amounts of grain refining elements like e.g. titanium, zirconium or scandium. These filler 

materials, however, usually do not allow weld metal grain refinement. This becomes clear if 

one considers the corresponding standards that define the chemical composition of 

commercial filler wires for aluminium welding [Din04, Aws07]. In both standards the content 

of grain refining contents such as Ti, B or Zr is defined not at all (B), only in few cases (Zr) 

or insufficiently (Ti). Accordingly, there exist only rough limits (e.g. “max. 0.2 wt.-% Ti” for Al 

Si5) or large ranges (e.g. “0.1 wt.-% - 0.2 wt.-% Zr” for Al Mg4.5MnZr). 

As a consequence, weld metal grain refinement with conventional filler alloys is usually not 

possible. It is rather not well understood how much of grain refining elements are needed in 

order to refine the weld microstructure completely, dependent upon the chemical 

composition of the base metal and the welding / solidification parameters. 

Several studies have investigated weld metal grain refinement, usually for GTA welding, in 

some cases for GMA welding [Mat81, Brk93]. Most researchers produced their own filler 

material with a casting process [Yun89, Mou99, Ram03, Ses08] to avoid the expensive 

production of a filler wire. Therefore, small amounts of commercial grain refiners of the 

systems Al-Ti [Dvo89, Han96, Mou99, Ram03], Al-Zr [Mat83, Dvo90, Ram03] or Al-Sc 

[Mou99, Dev07, Ses08] were added to wrought base metal alloys. The resulting cast ingots 

were fused subsequently in a GTA welding process. As a result, the weld metal mean grain 

size could be reduced in most studies and properties like ductility or weldability were 

improved, recall section 2.3.1. Most of these studies were made with base metals from 

precipitation hardened 2xxx [Ram00, Ram03, Ses08], 6xxx [Kou85a] and 7xxx [Mat81, 

Mou99, Ram03, Dev07] alloys or with commercial pure Al [Yun89, Han96]. 

Further grain refining approaches for aluminium welds were derived from aluminium 

castings. One of these possibilities is weld pool stirring, which is achieved through the 

application of an alternating magnetic field [Pea81, Mat84]. It was argued that 

electromagnetic stirring reduces the weld pool temperature allowing more heterogeneous 

solidification nuclei to survive and nucleate grains [Kou03]. Alternative techniques 

manipulate the electric arc through magnetic fields (arc oscillation [Tse71, Kou85c, Rao05, 

Mci05]), pulsed weld currents (arc pulsation [Uey96, Rao05]) or a mixture of both [Rao05]. 

Nevertheless, weld metal grain refinement through grain refiner additions is the most 

important grain refining technique [Kou03]. 

2.4 Influence of alloy content and nucleant particles on grain 
structure 

Besides thermal conditions (see section 2.5), there are two particular influencing factors 

that influence the grain size and shape response of an aluminium melt during solidification: 

 Degree of undercooling 

 Nucleant particles 
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The degree of undercooling is influenced by several factors such as solidification kinetics 

and surface energy of the particles that nucleate grains [Dav75]. One usually distinguishes 

between constitutional, thermal, curvature-induced and kinetic undercooling [Fre12]. The 

most important control variable regarding undercooling is usually the chemical composition, 

or the solute content, of the weld metal [Bäc86]. This “constitutional” undercooling is 

provided during solidification by alloying elements. As presented in the following sections, 

increasing alloy contents can be related to high constitutional undercooling that in turn 

activates more of the particles present for nucleation. The resulting growth of many grains 

at the same time leads to a small final grain size. Some alloying elements provide low and 

some very high undercooling, dependent upon their tendency for partitioning, see sections 

2.4.1 to 2.4.3. 

Grain refiner additions to the weld metal address both influencing factors, which 

emphasises the importance of such a melt treatment. On the one hand, the grain refiner 

influences the degree of constitutional undercooling since it brings effective alloying 

elements such as titanium into the melt that are known to cause a high degree of 

undercooling. On the other hand, the grain refiner provides potent particles that, if activated, 

become nucleant particles producing during solidification many grains and a low mean 

grain size, respectively. The influence of particle composition, size and other aspects 

regarding the question if a particle present nucleates an aluminium grain or not are 

presented in sections 2.4.4 and 2.4.5. 

2.4.1 Solute partitioning 

Constitutional undercooling usually appears during solidification of an alloy in the liquid 

phase in front of the solid-liquid interface. Here, changes in chemical composition reduce 

the local liquidus temperature. If this temperature falls below the equilibrium liquidus 

temperature, constitutional undercooling occurs. The degree of constitutional undercooling 

has a great impact on nucleation and subsequent grain growth, eventually determining 

grain size and shape. To understand this mechanism, one has to take into account solute 

effects that appear during solidification and that can be explained with alloy phase 

diagrams. 

For purposes of simplicity, one may consider equilibrium solidification of a binary aluminium 

alloy. It is important to point out that the solubility of the alloying element is very different in 

the liquid and solid phase [Shl42]. In binary eutectic alloy systems such as Al-Si, for 

instance, the solubility of the alloying element is much higher in the liquid than in the solid 

phase, particularly at low solute contents. As a result, the liquidus line L has a negative 

slope (slope mL < 0) and solute partitions during solidification from the solid to the liquid 

phase [Fle74a], see Fig. 2.3a. This phase diagram shows schematically the Al-rich end for 

a typical eutectic binary alloy such as Al-Si. Consequently, the solute content of the 

remaining liquid (CL) increases, particularly in front of the solid-liquid interface, whereas the 

solute content (CS) of the solid is generally lower. At each temperature, the solute content of 

both liquid and solid can be determined according to the lever rule [Cha64], as 

demonstrated in Fig. 2.3a for temperature T1. L and S are liquidus and solidus line, 

respectively. 
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All liquidus, solidus and segregation lines are, for purposes of simplicity, straight in Fig. 2.3. 

This means that the ratio between solute content of solid phase (CS) and liquid phase (CL) is 

constant, defined by the partition coefficient k. For eutectic binary Al alloy systems, k is < 1. 

L

S

C

C
k  (2.2) 

The solidification of a typical peritectic binary alloy system such as Al-Ti is shown 

schematically by the phase diagram in Fig. 2.3b. For this case, the solid phase has 

generally a higher solubility for solute than the liquid phase, which is related to a positive 

slope mL of the liquidus line. Consequently, solute partitions during solidification from liquid 

to solid resulting in high CS and low CL values and k > 1. 

Fig. 2.3 Al-rich end of typical binary eutectic (a) and binary peritectic (b) alloy equilibrium phase 
diagrams (from [Huf83, Crt89]) 

2.4.2 Constitutional undercooling 

Fig. 2.3 reveals that solute partitioning generally changes the chemical composition of the 

remaining liquid (CL) and decreases its actual liquidus temperature. This liquidus 

temperature (for composition CL) may fall below the equilibrium liquidus temperature (for 

composition C0), and “constitutional undercooling” (ΔTC) develops [Fle74a]. This type of 

undercooling is named “constitutional” to emphasise that it is caused primarily by solute 

partitioning and hence changes in the chemical composition of the liquid [Rut53, Til53]. 

Accordingly, the promotion of constitutional undercooling increases with increasing alloy 

content. Particularly titanium provides a very high degree of constitutional undercooling 

compared to other elements [Crt89]. Also, ΔTC controls the activation of particles present for 

nucleation of aluminium grains [Rut53, Bäc86]. The exact mechanisms behind the 

relationship between chemical composition, particles present and constitutional 

undercooling are explained in sections 2.4.3 to 2.4.5. 

Furthermore, the thermal conditions (particularly the thermal gradient G) strongly influence 

the development of constitutional undercooling ΔTC. Detailed explanations regarding the 

relationship between ΔTC and the thermal conditions are presented in section 2.5. In 
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addition, it should be pointed out that constitutional undercooling has a great impact on the 

corresponding grain sub-structure of the solidifying weld. The larger and the more powerful 

the constitutionally undercooled zone, the more particles are activated for nucleation. The 

resulting growth of many grains at the same time leads to a small final grain size. 

2.4.3 Undercooling parameters P and Q 

Rutter et al. were among the first who argued that solute elements provide constitutional 

undercooling during partitioning of the melt, which helps in the activation of nucleant 

substrates and the formation of fine, equiaxed grains [Rut53]. An analytical approach to 

describe the influence of alloying elements on the final grain size of solidified structures was 

made for castings of Ni- and Al-base alloys by Tarshis et al. in the early 1970s [Tar71], see 

equation (2.3). They developed the parameter P, which can be used for relative grain size 

prediction. C0 is the concentration of an alloying element and both k and mL are taken from 

the equilibrium binary phase diagram of the alloying element with aluminium. 

   
k

Ckm
P L 01 
  (2.3) 

P was suggested to represent the constitutional undercooling that is provided by an alloying 

element during solidification. Consequently, large values of this later called “constitutional 

undercooling parameter” P [Spi95] are related to a fine, equiaxed grain structure; small P 

values correspond to large, columnar grains. 

Another approach to predict relative undercooling was proposed by Moriceau [Mor72] and 

Maxwell et al. [Max75]. They argued that the form of the phase diagram contributes 

substantially to grain refinement as expressed by an alloy factor (X), see equation (2.4) 

[Max75]. The authors stated that high values of X (i.e. low concentration of solute and low 

partitioning) correspond to rapid grain growth and coarse grains. The inverse of the alloy 

factor (1/X) was taken as an inhibitor to growth. As a consequence, high values of 1/X 

correspond to slow growth and fine grains. 

  01
1

Ckm
X

L   (2.4) 

The effect of each alloying element on 1/X and undercooling is demonstrated by Table 2.2. 

This table lists the values for mL, k and 1/X (not considering C0) for the most important 

alloying elements of Al alloys, taken from the corresponding equilibrium binary phase 

diagrams. 

Table 2.2 clearly shows that Ti has the highest 1/X value of all alloying elements, due to the 

very high values of mL and k for the binary phase diagram Al-Ti. This emphasises the 

importance of the partitioning behaviour of each alloying element (recall Fig. 2.3), 

particularly for titanium that provides the highest degree of constitutional undercooling 

[Crt89]. This in turn helps to explain why additions of solute titanium usually result in a 

dramatic grain size reduction [Crt89]. Consequently, titanium plays an important role in 

aluminium grain refinement why commercial Al grain refiners usually contain Ti [Slz10]. 

Also, it should be noted that this powerful effect of solute titanium cannot be explained with 

the parameter P [Eas99b]. 
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Easton et al. [Eas99a] argued that the inhibition of grain growth at high 1/X values gives 

more time for further nucleation events to occur. This leads to more grains and thus a 

smaller final grain size. The denomination growth restriction factor (for 1/X) was introduced 

later [Bäc96] based on the suggestion that 1/X is inversely proportional to the growth 

velocity R of a dendrite tip [Hun84, Rap87, Cha95]. Furthermore, it was shown 

experimentally that grain size is proportional to R [Joh94, Cha95, Joh95]. 

Table 2.2 Parameters from equilibrium binary phase diagrams of aluminium with alloying elements 
from [Crt89, Eas05] (data for titanium) and [Mas90] (data for zinc) 

Binary system 

Parameter Al-Si Al-Fe Al-Cu Al-Mn Al-Mg Al-Cr Al-Ni Al-Zn Al-Ti Al-V Al-Zr 

Liquidus slope 
mL,i in K / wt.-% 

-6.6 -3.0 -3.4 -1.6 -6.2 3.5 -3.3 -1.6 33.3 10 4.5 

Partition 
coefficient ki 

0.11 0.02 0.17 0.94 0.51 2.0 0.007 0.4 7.8 4.0 2.5 

mL,i · (ki-1) 

in K / wt.-% 
5.9 2.9 2.8 0.1 3.0 3.5 3.3 1.0 220 30 6.8 

Desnain et al. were the first who summed the growth restriction factor for all solute 

elements that are present in an aluminium melt in order to apply the analytical approach to 

multi-component Al alloys [Des90]: 
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Later, the growth restriction factor has also been coined as GRF [Eas99b] and Q [Gre00]: 

PkQGRFfactornrestrictiogrowth  (2.6) 

In summary, the grain refining effect of solute elements with a high GRF can be explained 

with the restriction of grain growth [Max75] that increases constitutional undercooling 

[Rut53] and the time for further nucleation events to occur [Eas99a]. 

2.4.4 Physical meaning of P and Q 

Easton et al. [Eas01b] presented an analytical approach to calculate constitutional 

undercooling that is provided by solute partitioning. They expressed the development of the 

constitutionally undercooled zone around a growing equiaxed grain as a function of solid 

fraction fS, based upon Rutter et al. [Rut53]: 
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Hence, a growing grain provides constitutional undercooling, which increases with 

increased solid fraction. At one point, the constitutional undercooling (ΔTC) reaches the 

undercooling required for nucleation (ΔTN) of a neighbouring particle. Then, nucleation of a 

new Al grain will occur at this particle. This in turn means that a grain must grow to a critical 
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size in order to provide enough constitutional undercooling for the nucleation of other 

grains. The authors assumed solidification according to Scheil [Shl42], constitutional 

undercooling, and negligible thermal gradients compared to the amount of undercooling. 

Furthermore, they supposed a sufficient number of available nucleant substrates that are 

activated when ΔTC reaches ΔTN. Finally, the model provides a physical basis for the 

derivation of both P and Q and therefore an interpretation of the physical meaning of both 

undercooling parameters, which can be distinguished as follows: 

 P: Total constitutional undercooling that is provided by a growing grain due to 

partitioning of solute elements: 

P = ΔTC  at  fS = 1 

 Q: Initial rate of development of constitutional undercooling (confirmed in 

experiments [Eas00]): 

Q = dΔTC / dfS at  fS = 0 

The authors argued that Q is a suitable parameter for grain size prediction if the potency of 

the particles is high (low ΔTN) [Eas01b, Eas05]. Furthermore, they stated that grain 

refinement in alloys with high solute content (i.e. foundry alloys) cannot be described 

accurately with Q, whose calculation is based on binary phase diagrams, recall equation 

(2.5). Grain refinement in wrought alloys (low solute content), however, may be analysed 

with parameters such as P and Q [Eas01b], whereby the suitability of Q is discussed in 

comparison [Eas99b, Eas05]. Experimental data showed that the influence of solute on 

grain size may be predicted better with Q than with P [Eas99b]. Furthermore, the grain size 

d was found to be inversely proportional to both P [Tar71, Spi95] and Q [Cha95, Eas99b, 

Eas01a]: 

Q
d

P

1
~~

1
(2.8) 

Easton et al. studied separately the influence of nucleant substrates and solute elements on 

grain size. In several experiments, they made additions of either a master alloy (containing 

TiB2 particles) or solute titanium to Al castings [Eas05]. This way, they further developed 

equation (2.8) to a semi-empirical relationship, which is shown by equation (2.9) for a 

constant set of casting / solidification conditions [Eas05, Stj07]. a and b are vertical axis 

intercept (a) and slope (b) of a linear fit, following equation (2.9) and the schematic in Fig. 

2.4 [Eas05]. To fit the corresponding experimental data [Eas05], both parameters are based 

on ρ (number density of particles present in the melt), f (fraction of active particles that 

nucleate a grain) and bm (materials constant). 
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One important result was the suggestion of how nucleant particles influence the linear 

relationship between d and 1/Q. It was concluded that the slope b of each line decreases if 

the potency of the nucleant particles increases (Fig. 2.4a) [Eas05, Eas08, Sch08]. 

Furthermore, it was argued that a higher number of active particles reduces the intercept of 

the line at the vertical grain size axis a, see Fig. 2.4b [Eas05, Eas08, Sch08]. It was argued 



2.4 Influence of alloy content and nucleant particles on grain structure 

17 

elsewhere that there is an inverse cube root relationship between grain size d and the 

number of active TiB2 particles [Lee99, Eas05]. 

The above analytical approaches were applied to low cooling rates (1 to 10 K/s) and low 

thermal gradients in Al castings. Johnsson [Joh94] and Chai et al. [Cha95] found that grain 

size is related to the inverse square root of the cooling rate in the range from 0 K/s to 5 K/s. 

This was confirmed by experimental data [Eas08, Sch08] for cooling rates up to 15 K/s. 

Fig. 2.4 Effect of changes in nucleant potency b (left) and nucleant density a (right) on relationship 
between grain size and 1/Q (from [Eas05]) 

2.4.5 Nucleant particles 

As emphasised in section 2.4, the particles present in a solidifying melt play an important 

role regarding grain refinement since they may nucleate grains. Such a heterogeneous 

nucleation on particles is considered to be the main nucleation mechanism for aluminium 

weld metal since homogeneous nucleation is very unlikely in both commercial castings and 

welds [Bäc86, Kou03]. The larger and the more powerful the constitutionally undercooled 

zone ahead of the solidification front, the more particles are activated. As a consequence, 

the grain sub-structure may vary from planar or cellular (at low undercoolings) to columnar, 

columnar dendritic or (at very high undercoolings) equiaxed dendritic [Win54], see section 

2.5. 

If the melt is not treated with a grain refiner, the nucleant substrates usually consist of 

insoluble particles from the base metal like carbides or aluminides. These particles, 

however, usually have a poor nucleating potency and the resulting grain structure is coarse 

in many cases [Bäc90]. Instead, the addition of a commercial grain refiner brings effective 

particles into the melt that have a high nucleating potency. As mentioned above, a grain 

refiner provides 1) solute elements that promote undercooling (recall sections 2.4.1 to 2.4.4) 

and 2) effective particles that act during solidification as nucleation substrates for Al grains 

(recall section 2.4.5). 

In section 2.3.2, the chemical composition of typical aluminium grain refiners was 

presented. One of the most important grain refiners is Al Ti5B1 [Eas01b], which provides 

two different particles: Al3Ti and TiB2. The exact role of each particle is still under 

discussion. Properties that make TiB2 and Al3Ti particles favourable for nucleation of 
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aluminium grains are for example their size and size distribution [Bun98, Sch03], and shape 

and atomic lattice [Mon87]. In the last decades, both TiB2 [Cib49] and Al3Ti [Cly51] particles 

were suggested to act during solidification as heterogeneous solidification nuclei for 

aluminium grains. On the one side, TiB2 particles were found in castings at the centre of Al 

grains [Arn82, Joh92], where they nucleate aluminium grains [Joh98, Gre00]. One the other 

side, it was argued that Al3Ti is a more potent nucleant than TiB2 [Dav70, Slz10] because of 

the low atomic lattice mismatch between Al3Ti and α-Al. Furthermore, Al3Ti has more atomic 

planes that can nucleate aluminium grains than TiB2 [Arn82, Smc98]. Other authors argued 

that, regarding Ti/B additions, AlB2 is the most efficient nucleus for Al that however 

dissolves quickly in the melt [Sig07]. In Al weld metal, Titanium-rich particles were found 

first by Kou et al. [Kou86]. 

One widely accepted approach to explain the exact role of TiB2 and Al3Ti particles is the 

duplex nucleation theory [Smc94, Moh95, Smc98] that was developed from the peritectic 

theory [Cly51]. The duplex nucleation theory suggests that the insolvable TiB2 particles are 

covered in liquid aluminium by a thin Al3Ti layer. Afterwards, a peritectic reaction on these 

particles takes place in agreement with equation (2.10). Accordingly, the Al3Ti layer reacts 

with liquid aluminium (AlL) to form a further layer of solid aluminium (AlS): 

SL AlAlTiAl 3 (2.10) 

This reaction converts such particles into very efficient solidification nuclei for aluminium 

grains [Cly51, Moh95, Smc98]. Experiments have supported the duplex nucleation theory 

as main nucleation mechanism [Smc98, Iqb04, Iqb05]. Consequently, additions of grain 

refiners such as Al Ti5B1 to the aluminium weld pool can provide an increased number of 

active solidification nuclei and thus a fine, equiaxed weld metal grain structure. 

One important further property that makes TiB2 and Al3Ti particles favourable nucleant 

substrates for aluminium is the undercooling needed to activate these particles for 

nucleation, ΔTN. Fig. 2.5 schematically shows typical cooling curves from solidification of 

aluminium castings for the moment when nucleation takes place and grain growth starts 

[Bäc90]. 

Owing to solute partitioning, nucleation starts at the nucleation temperature TN that is below 

the equilibrium temperature TE. This temperature difference ΔTN is the undercooling needed 

to activate particles for nucleation. The first crystals start to grow on the activated particles 

in the moment tN. Subsequent grain growth produces latent heat, which counteracts 

undercooling and nucleation and the melt heats up for a moment. tG is the moment when 

nucleation is finished and the maximum temperature (= steady state growth temperature 

TG) is reached. From now on, the final number of grains is defined and all grains will 

continue growing until they impinge on each other, which determines their final size. 

Meanwhile, the temperature starts to fall again. 

Note the significant differences between both diagrams in Fig. 2.5. For the case of no grain 

refiner additions (Fig. 2.5a), aluminium grains are nucleated by particles with low nucleating 

potency and with high values for ΔTN (of some 3 to 4 K [Bäc90]), respectively. Accordingly, 

TN is < TG and the initial grain growth on some particles evolves much latent heat because 

only few grains are nucleated and get large. Hence, the grain growth results in a large 

amount of recalescence, see Fig. 2.5a. In contrast, particles with high potency such as TiB2 
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and Al3Ti are known to get activated at higher nucleation temperatures TN > TG and low ΔTN 

values of about 0.1 – 0.2 K [Bäc90], see Fig. 2.5b. Consequently, many particles are 

activated and many grains grow to comparably small sizes. The resulting recalescence is 

low and can be, in some cases, even zero [Bäc90]. Less recalescence allows further 

particles to get activated for nucleation leading to the growth of more grains at the same 

time and consequently to a low final grain size. Consequently, Fig. 2.5 reveals why 

recalescence is an important parameter for evaluation of particle potency [Mor72, Bäc86, 

Joh93, Bun98]. Several studies have shown by thermal analysis of castings that increasing 

amounts of potent particles can reduce the recalescence significantly [Bäc86, Sig07, 

Sha10]. 

 

Fig. 2.5 Typical cooling curves for Al castings without (a, low particle potency) and with grain refiner 
additions (b, high particle potency), indicating nucleation, initial grain growth and 
recalescence (from [Bäc90]) 

In aluminium welds, the cooling rates (several 100 K/s) are much higher than in aluminium 

castings (several 10 K/s), which results in low or zero recalescence. Nevertheless, 

recalescence is suggested to be the main reason for grain size saturation [Max75]. It is 

known from both aluminium castings [Spi97, Mur02, Bin03, Sha10] and welds [Dvo90, 

Mou99] that the grain size decrease is limited to a certain level at high grain refiner addition 

levels. 

2.4.6 Epitaxial nucleation and competitive growth 

Besides heterogeneous nucleation on particles, “epitaxial nucleation” is often observed at 

the fusion line, see Fig. 2.6 [Kou03]. Accordingly, grains usually nucleate at the fusion line 

epitaxially at other grains that are fused partially. 

During subsequent grain growth, “competitive growth” may occur: Grains with favourable 

lattice orientation grow with minimum undercooling because their easy growth direction, 

<100> in aluminium FCC crystals [Cha64], is similar to the direction of the thermal gradient 

and hence to the maximum heat extraction [Kou03]. In contrast, grains with unfavourable 

lattice orientation grow at higher undercooling and become overgrown by the favourable 
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oriented grains, see Fig. 2.6. Competitive growth is known to form in aluminium fusion 

welds [Sav66, Kou03]. 

Fig. 2.6 Epitaxial nucleation at fusion line and competitive grain growth in weld metal, seen from 
above (from [Kou03]) 

2.5 Influence of thermal conditions on grain structure 

The influence of chemical composition and particles on nucleation and subsequent grain 

growth during solidification of a melt was presented in detail in section 2.4. Section 2.5 

focuses on the third particular influence on solidification of a weld: the thermal conditions, 

expressed by the welding process and the corresponding solidification parameters. 

2.5.1 Solidification in GTA welds 

The solidification conditions in GTA weld pools are controlled, in addition to weld geometry, 

particularly by the welding parameters: 

 Welding speed   v (in mm/s) 

 Arc current   I (in A) 

 Arc voltage   U (in V) 

that define the heat input per unit length H (independent upon the welding process): 
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v

IU
H


 (2.11) 

These welding parameters result in thermal conditions in the weld pool that can be 

expressed by the parameters: 

 Cooling rate   dT/dt (in K/s) 

 Thermal gradient (local)  G (in K/mm) 

 Solidification growth rate  R (in mm/s) 

 Constitutional undercooling ΔTC (in K) 

where cooling rate, thermal gradient and growth rate have the following relationship: 

RG
dt

dT
 (2.12) 

High welding speeds (or torch speeds) and small heat inputs promote increasing cooling 

rates and solidification rates, which also affect the thermal gradients in the weld metal. G 

has thereby an important influence on the degree of constitutional undercooling in front of 

the solid-liquid interface, see Fig. 2.7 [Kou03]. 

Fig. 2.7 Profile of actual temperature (due to heat flow) and equilibrium liquidus temperature (due to 
segregation) in front of solid-liquid interface, revealing influence of thermal gradient G on 
constitutional undercooling ΔTC and grain sub-structure (from [Kou03]) 
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Fig. 2.7 shows the temperature profiles of both actual temperature and equilibrium liquidus 

temperature in the liquid layer ahead of the solidification front (S: solid, L: liquid). The profile 

of the actual temperature is linear due to heat flow from the hot liquid (right) to the cooler 

solid (left). The equilibrium liquidus temperature decreases in front of the solid-liquid 

interface owing to solute partitioning, recall section 2.4.1. Fig. 2.7 further reveals that a 

decreasing thermal gradient (= slope of actual temperature) promotes a constitutionally 

undercooled zone (ΔTC) ahead of the solidification front. This layer of undercooled liquid 

forms where the actual temperature falls below the equilibrium liquidus temperature and is 

related to the “mushy zone” (M) [Fle74a], which is the region where nucleation and 

subsequent grain growth occurs. The corresponding grain sub-structure changes thereby 

from planar or cellular (at small undercoolings) to columnar dendritic, dendritic or (at very 

large undercoolings) equiaxed dendritic [Rut53, Win54]. 

It should be noted that, besides thermal gradient G, the solidification rate R influences 

undercooling and grain morphology. Fig. 2.8 shows that the ratio G/R has a pronounced 

effect on the microstructure [Kou03]. It was suggested that the extent of constitutional 

undercooling is inversely proportional to G/R0,5 [Til56]. Thus, high G/R values can be related 

to low constitutional undercooling ahead of the solid-liquid interface [Til53] that favours 

planar or cellular growth [Win54]. Low G/R values, however, result in a large zone of 

constitutional undercooling [Til53], which allows columnar dendritic, dendritic or (at very low 

G/R values) equiaxed dendritic structure to form [Win54]. Also, increasing cooling rates 

usually promote higher undercoolings [Alt70] and hence a finer microstructure (see Fig. 

2.8), which is reported from both castings and welds [Fle74a, Mur02]. 

 

Fig. 2.8 Influence of thermal gradient G, solidification rate R and undercooling dT/dt on grain sub-
structure (from [Kou03]) 

Regarding the solidification of a GTA fusion weld, it is important to note that the 

solidification parameters and corresponding microstructures vary widely within the weld 

metal [Sav80, Dvo91, Kou03]. Fig. 2.9 shows the weld pool boundary of a GTA weld (seen 
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from above) where the welding direction is to the left. At the fusion line, the weld pool is in 

direct contact to the “cold” base metal, which causes high heat extraction and high G 

values. At the centreline, the just-solidified material extracts less heat resulting in a 

minimum in G. This difference explains the weld pool shape that can vary from circular or 

elliptical (at low torch speed v, as shown in Fig. 2.9) to tear-drop shaped (high v). Also, Fig. 

2.9 illustrates that the grain sub-structure usually grows nearly parallel to the maximum 

temperature gradient that is perpendicular to the advancing weld pool boundary [Sav66]. 

 

Fig. 2.9 Variation in local thermal gradient G, solidification growth rate R and corresponding grain 
sub-structure in GTA weld metal (top-sectional view) 

One can assume that the dendrite solidification velocity corresponds to the solidification 

growth rate R due to competitive growth [Sav66], see section 6.1.5. For this case, R can be 

approximated for the weld pool surface with equation (2.13) where α is the angle between 

the directions of torch speed v and R at a particular point at the solid-liquid interface, see 

Fig. 2.9. Thus, it becomes clear that R is zero at the fusion line and maximum (R = v) at the 

centreline. 

 cos vR (2.13) 

One can summarise for GTA welds that the variation in both G and R along the pool 

boundary has a significant influence on nucleation and grain growth. As a consequence, 

one usually finds, dependent upon alloy content and welding conditions, two main grain 

morphologies, see Fig. 2.9: 

 Columnar grains (with columnar dendritic or dendritic sub-structure) next to the 

fusion line 

 Equiaxed grains (with equiaxed dendritic sub-structure) at the weld centreline 

This columnar to equiaxed transition (CET) is often observed in aluminium weld metal 

[Sav68, Ara74, Sav80, Kou86], dependent upon chemical composition and welding 

conditions. 
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2.5.2 Columnar to equiaxed transition (CET)  

It is important to note that large, columnar grains provoke anisotropic mechanical properties 

of the weld and facilitate the propagation of solidification cracks [Sav66]. Consequently, it is 

of interest to know critical CET conditions in order to prevent columnar grain growth. Hunt 

developed an analytical model that predicts the critical thermal gradient G, under which the 

grain morphology becomes predominantly equiaxed [Hun84]. This approach was originally 

developed for directional solidification in castings. Applying Hunt’s approach to welding, the 

limitations of using the key factor G/R were demonstrated by Grong et al., who showed that 

equiaxed grains may also form at the fusion line where the growth rate approaches zero 

[Gro99]. This phenomenon is observed when welding base metals containing Al3Zr 

dispersoid particles (e.g. 7xxx and Al-Li alloys) that serve to nucleate equiaxed grains in the 

partially mixed zone when released during melting [Gut98, Cro99, Kos06]. Also, Hunt’s 

approach was applied on results from the simulation of weld solidification in Al-Cu welds 

[Cla98]. 

The critical thermal gradient according to Hunt [Hun84] is called in this work, for a better 

understanding, GCET, see equation (2.14). GCET is hence the gradient at which the CET 

occurs (G < GCET: equiaxed; G > GCET: columnar). Fully equiaxed growth is considered to 

occur if the volume fraction of equiaxed grains is higher than 49% whereas the grain 

structure is assumed to be fully columnar if the volume fraction of equiaxed grains is ≤ 1% 

[Hun84]. N0 is the total number of heterogeneous substrate particles that are available per 

unit volume. 
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N0 can be approximated as shown in equation (2.15) [Gro99] where d is the weld metal 

mean grain size: 

30

1

d
N  (2.15) 

∆TN in equation (2.14) is the undercooling that is needed to activate these particles and 

∆TC,CET is the critical constitutional undercooling caused by 1) the partitioning of solute 

elements and 2) the solidification conditions. For Hunt’s approach, ∆TC was related to G and 

R according to equation (2.16) [Bur74a, Bur74b]. D is the liquid diffusion coefficient and A1 

is a materials constant that depends upon chemical composition of the liquid phase. 

5,0

1 RA
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TC 


 (2.16) 

In this work involving GTA welding, the first term (GD/R) of equation (2.16) can be neglected 

compared to the second term (A1R
0.5) due to high R values and low G values [Bur74b, 

Hun84]: 

5,0

1 RATC  (2.17) 
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3 Statement of the problem 

The above summarised state of the art describes influencing factors, challenges and 

advantages of grain refinement and its application to aluminium fusion welding. It has 

become clear that it is generally possible to reduce the weld metal mean grain size through 

grain refiner additions and the adjustment of the welding process. From former studies, 

several influencing factors such as chemical composition, grain refiner content and welding 

parameters are known to influence the grain size and shape response in aluminium weld 

metal. The exact effect of each factor and, above all, their interaction, however, remain 

unclear; the most important issues that have not been addressed sufficiently so far are 

 Influence of alloy content on weld metal grain structure 

 Variation in each solidification parameter along the solidification front (between 

fusion line and weld centreline) and its influence on grain size and shape response 

 Explanations for the transition from columnar to equiaxed grain growth (CET) in 

fusion welds 

 Application of the broad experience with grain refinement in castings on welding, 

particularly regarding the influence of alloy content and the evolution of the CET 

 Critical content of grain refining elements needed to achieve a minimum weld 

metal grain size (saturation), dependent upon alloy content and welding 

parameters 

 Nucleation mechanisms in grain-refined weld metal 

Furthermore, specific recommendations on the subject of welding parameters and 

necessary grain refiner contents in commercial filler wires, dependent upon the relevant 

influencing factors, do not exist. This thesis aims to give explanations on the above issues 

trying to consider the interaction of all relevant influencing parameters. Therefore, the main 

goals of this study are 

 Production of cast filler material that allows a step-wise variation in the weld metal 

grain refiner content 

 Analytical modelling of the influence of alloy content on weld metal grain size 

 Determination of all relevant solidification parameters and their extent along the 

solidification front for the whole weld metal (between fusion line and weld 

centreline) 

 Correlation between alloy content, solidification parameters and the 

corresponding, local grain size and shape 

 Analytical modelling of the critical solidification conditions for the CET 

 Determination of the critical grain refiner content dependent upon alloy content 

and welding conditions to achieve complete grain refinement (minimum grain size) 
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 Investigation of effects of very high grain refiner addition levels (weld metal Ti 

contents > 1 wt.-%) on weld properties 

 Explanations for the benefits of grain refinement in weld metal of non-precipitation-

hardenable aluminium alloys 

 Investigation of size, distribution and mechanisms of potent nucleant particles 

These main goals emphasise on the one side the scientific basis of this study: the reasons 

and the effects of weld metal grain refinement will be investigated in detail for several 

aluminium alloys and varying welding parameters. On the other side, this thesis tries to 

address the applicability of the experimental results. Accordingly, one main goal is to make 

specific recommendations to filler material producers and welders in order to allow optimum 

grain refinement in aluminium fusion welds. 
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4 Experimental 

To understand the results of this study, the experimental approach is highlighted in detail in 

this section. First, the materials, including three commercial aluminium wrought alloys and 

the grain refiner, and the welding process are presented. Afterwards, the techniques 

regarding metallographic, chemical and electron beam analysis and the analytical 

approaches are introduced to the reader. 

4.1 Materials 

4.1.1 Base metals and grain refiner 

Three different wrought base metals were used in this study: commercial pure aluminium 

Alloy 1050A (Al 99.5, temper H14), Alloy 6082 (Al Si1MgMn, temper T6) that is known for 

applications in automotive industry and plant construction, and Alloy 5083 (Al Mg4.5Mn0.7, 

temper H111) that is frequently used in shipbuilding or as vessel material. The plate 

thickness was 3 mm for each alloy. The master alloy Al Ti5B1 was used as commercial 

grain refiner in the form of rods (diameter 9.5 mm) as it is usually applied in foundries. The 

chemical composition of these four alloys as measured by an optical emission spectrometer 

(ICP-OES) is given in Table 4.1. 

Table 4.1 Chemical composition of base metals and grain refiner as measured by optical emission 
spectrometer (ICP-OES) 

Alloy 
Chemical composition in wt.-% 

Si Fe Cu Mn Mg Cr Ni Zn Ti B V Zr Al 

1050A 
(Al 99.5) 

0.09 0.24 0.01 0.00 0.00 0.00 0.004 0.01 0.008 0.0003 0.01 0.001 Bal. 

6082 
(Al Si1MgMn) 

0.86 0.42 0.09 0.43 0.75 0.06 0.01 0.07 0.032 0.0001 0.01 0.003 Bal. 

5083 
(Al Mg4.5Mn0.7) 

0.25 0.40 0.07 0.58 4.57 0.09 0.01 0.07 0.027 0.002 0.006 0.002 Bal. 

Al Ti5B1 0.06 0.11 - - - - - - 4.98 0.99 0.02 - Bal. 

 

As explained in section 2.5, the thermal conditions influence the grain structure of Al weld 

metal strongly. Accordingly, Table 4.2 shows the most important thermal parameters of the 

three base metals indicating strong differences in their thermal conductivity and 

solidification range. 
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Table 4.2 Thermal conductivity [Hes08] and equilibrium liquidus and solidus temperatures [Bal04, 
Hes08] of base metals 

Alloy 
Thermal 

conductivity λ 
Liquidus 

temperature TL 
Solidus 

temperature TS 
Solidification 

range ΔTS 

1050A 
(Al 99.5) 

210 W/(m·K) 657 °C 646 °C 11 K 

6082 
(Al Si1MgMn) 

170 W/(m·K) 650 °C 550 °C 100 K 

5083 
(Al Mg4.5Mn0.7) 

110 W/(m·K) 638 °C 574 °C 64 K 

4.1.2 Production of cast inserts 

The main goal of this study was to vary the content of grain refining elements in GTA welds 

in order to investigate its influence on weld metal grain size and shape. This can be 

achieved by adding grain refiner to the filler wire during its fabrication. The production of 

several filler wires with different chemical compositions, however, would be too time-

consuming and not practicable. Instead, a casting process was used according to former 

studies [Yun89, Mou99, Ram03, Ses08] to produce small inserts that were fused afterwards 

in a GTA welding process. This procedure allowed a much finer differentiation in the 

chemical composition of the weld metal than it is possible with commercial filler wire. 

The insert production is illustrated in Fig. 4.1. In order to vary the weld metal’s content of 

grain refining elements Ti and B, ingots were cast consisting of the corresponding base 

metal plus additions of Al Ti5B1. Therefore, the base metal was first fused in a crucible and 

then additions of the grain refiner were made. The melt was stirred, held for a moment and 

then poured to achieve a homogeneous chemical composition in the ingot. WDS analysis 

(Wavelength dispersive X-ray) of cross-sectional areas of the ingot showed that the 

additions were uniformly distributed. This way, several ingots were cast for each base metal 

with varying Ti/B contents. Fading (the dissolution of particles in the melt) was avoided in 

the casting process due to a low contact time of the grain refiner in the Al melt (about 5 

minutes at 730 °C). 

Fig. 4.1 Production of cast inserts and weld coupon preparation 

Each cast ingot was then machined into several small inserts (140 mm x 2 mm x 1.5 mm). 

Meanwhile, weld coupons (140 mm x 60 mm x 3 mm) were prepared from the 
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corresponding base metal and a groove was milled into the bottom surface of each coupon. 

Afterwards, both inserts and coupons were cleaned by degreasing and etching for 15 

minutes with an etchant consisting of 869 ml H2O, 125 ml 65% HNO3 and 6.25 ml 48% HF. 

Each insert was placed into the groove of a coupon and fixed with a hammer and punch. 

4.2 Welding conditions 

The weld coupon was clamped in a fixture with the cast insert located on the bottom-side, 

see Fig. 4.2 left. Afterwards, the cast insert was fused completely in a single pass, full 

penetration gas tungsten arc (GTA) weld with the parameters listed in Table 4.3. The 

welding power source was the VPC-450 Variable Polarity Controller from AMET Inc. A 

backing made of copper was used to avoid unwanted root drop-through, see Fig. 4.2 left. A 

small gap (about 0.3 mm) between weld coupon and backing limited the cooling rates in the 

weld metal by making sure that only weld metal comes into contact with the backing and not 

the base metal. 

Fig. 4.2 GTA welding and temperature measurement setup (dimensions in mm) 

In order to ensure similar weld bead sizes and dilution of the insert, the arc current was set 

slightly higher when welding Alloy 1050A because of its higher thermal conductivity 

compared to the other two alloys, recall Table 4.2 and see Table 4.3. The torch speed was 

varied from 2 mm/s to 11.5 mm/s to study the influence of solidification parameters on grain 

size response. Accordingly, the weld current was adjusted slightly to allow a similar weld 

bead size. 

In some welds, temperature measurements were accomplished in the middle of the weld 

(mid-length and depth) with a drill hole method: both wires of a type K thermocouple (wire 

diameter 0.13 mm) were insulated with a two-hole ceramic insulator and fused at their end. 

This thermocouple was placed from below into a hole that was drilled vertically into the weld 

coupon, see Fig. 4.2 right. A constant drill hole depth of 1.5 mm assured temperature 

measurements in the middle of each weld (mid-depth). The horizontal position of drill hole 

and hence thermocouple was varied in order to investigate the thermal conditions during 
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solidification between weld centreline and fusion line, see Fig. 4.3. This figure shows the 

cross-section from Fig. 4.2 left under higher magnification after welding. Accordingly, the 

thermocouple position was varied from y = 0 (weld centreline) to y = 3 mm (fusion line). The 

test frequency for the temperature measurements was 50 Hz. 

Table 4.3 GTA welding parameters 

Parameter 
Alloy 1050A 

(Al 99.5) 
Alloy 6082 

(Al Si1MgMn) 
Alloy 5083 

(Al Mg4.5Mn0.7) 

Torch 
speed v in 

mm/s 
2 4.2 6 8 10 11.5 2 4.2 6 8 10 11.5 2 4.2 6 8 10 

Current 

I in A 
174 180 186 190 192 195 170 175 181 184 190 196 155 175 180 185 190 

Voltage U 10.7 V ÷ 11.8 V (± 0.2 V) 

Polarity AC (80% electrode negative, 20% electrode positive) 

Frequency 50 Hz 

Electrode W + 2% CeO2, diameter 3.2 mm, point angle 30° 

Shielding 
gas 

50% Ar, 50% He 

Flow rate 26 l/min 

Distance 
electrode – 
coupon 

3 mm 

Fig. 4.3 Weld bead (cross-section) and location of thermocouple within the weld metal (along y 
axis) 

About 400 weldments were produced with the above experimental setup to investigate the 

influences of chemical composition and welding conditions on the weld metal grain 

structure. 

One important aspect in fusion welding is the “filler dilution”, which is the content of filler 

material in the weld metal as percentage of the total weld metal cross-sectional area. The 

filler dilution can be calculated using equation (4.1) [Fri07] where AFM and ABM are the cross-

sectional areas of filler material (AFM) and base metal (ABM) in the weld metal, see Fig. 4.4. 
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Typical values for the filler dilution are [Fah06] 

 85% - 95% for GTA welding 

 75% - 80% for GMA welding 

Fig. 4.4 shows weld metal cross-sections for welds of this study (a, using deposited cast 

inserts) and for commercial GTA or GMA welds (b, using a filler wire). Note that the weld 

metal contents of base metal (ABM) and filler material (AFM) are very different for both cases. 

As a consequence, the filler dilution for the use of cast inserts was calculated to be only 

12%. 

Fig. 4.4 Dilution of filler material (FM) and base material (BM) in weld metal for the use of cast 
inserts as in this study (a) and the use of a commercial filler wire (b), plate thickness 3 mm 

This in turn means that the grain refiner content was always much higher in the cast insert 

than in the corresponding weld metal. To take this dilution effect into account, one can 

calculate the necessary concentrations of grain refining elements in the filler material (cFM) 

according to equation (4.2), where cBM and cWM are the concentrations of each element in 

base and weld metal. 

 BMWM

FM

BMFM
BMFM cc

A

AA
cc 


 (4.2) 

4.3 Metallographic, chemical and EPMA examination 

Metallographic samples were prepared from the middle of some welds (mid-length) to 

obtain cross-sectional and top-sectional views of the weld metal. Each of these samples 

was ground, polished mechanically and etched anodically with a solution containing 2% 

HBF4 and 98% H2O to reveal the grain structure. Micrographs were made with a 

microscope using polarised light, which helped to differentiate grains. Grain size 

measurements were carried out in no less than four different positions on each weld metal 

cross-section through a circular intercept procedure according to the standard [Ast04] and 

an average value for each weld metal was calculated. Afterwards, the grain size data was 

fitted with a curve that is the graph of the power function given in equation (4.3). The 

parameters p1, p2 and p3 were calculated with the method of least squares for each torch 

speed. 
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The chemical composition of pieces cut from the welds was determined by an optical 

emission spectrometer (ICP-OES). Electron probe micro analysis (EPMA) of pieces cut 

from the weld metal involved WDS, EBSD, SEM and TEM analysis. Wavelength dispersive 

x-ray spectroscopy (WDS) was used to determine size and distribution of titanium and 

boron particles in the weld metal. EBSD (electron backscatter diffraction) measurements 

were made to reveal the atomic lattice orientation of the weld metal grains. SEM (scanning 

electron microscopy) and TEM (transmission electron microscopy) measurements disclosed 

fracture surfaces (SEM) and size and shape of particles such as TiB2 (TEM). 

4.4 Analytical modelling 

One important contribution of this thesis are analytical models that provide explanations for 

the observed weld metal grain structure. The first model describes the influence of alloying 

elements by means of the undercooling factors P and Q that were presented in section 

2.4.3. A second approach deals with the influence of thermal conditions by focusing 

particularly on the solidification growth rate R and the prediction of the columnar to 

equiaxed transition (CET). The corresponding analytical procedures are presented in 

sections 4.4.1 to 4.4.3. 

4.4.1 Undercooling parameters P and Q 

P and Q were calculated for each alloy according to equations (2.3) and (2.5), from the 

chemical composition C0 (recall Table 4.1) and the values of mL,i and ki that were taken from 

several studies [Crt89, Mas90, Eas05], recall Table 2.2. The P values were therefore 

calculated for each alloy by summing the single P values of each alloying element, similar to 

what has been done with Q. In the case of grain refiner additions, it was assumed according 

to [Jon76, Joh94, Eas05] that all of the added boron was tied up in TiB2 particles that 

originate from the master alloy. TiB2 is one of the most stable borides [Arn82, Tön94]. 

Excess Ti, which was not in the form of TiB2, was assumed to be present as solute Ti, 

which restricts grain growth and contributes to constitutional undercooling. For purposes of 

calculation, it was assumed that Al3Ti originating from the grain refiner was dissolved 

completely in the weld pool. This assumption was made elsewhere for grain refinement in 

Al castings [Eas05] and is understood to not be valid for Al weld metal, where considerable 

amounts of Al3Ti are known to exist, as demonstrated later in section 5.2.2. Nevertheless, 

this assumption allows an upper limit of solute Ti to be used for determining P and Q. 

4.4.2 Determination of R 

The solidification growth rate R varies widely along the solidification front, recall Fig. 2.9. 

Consequently, to investigate the thermal conditions for the whole weld pool, one has to 

determine R dependent upon the position in the weld pool. Therefore, one can use 

micrographs that show the solidified grain structure as shown in Fig. 4.5. In such 

micrographs, the grain morphology usually indicates the grain growth direction and hence R 

during solidification, for any point in the weld metal. R can be calculated with equation 
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(2.13) whereby the angle α between R and torch speed v need to be determined dependent 

upon the position in the weld. Therefore, micrographs of the horizontal x-y plane from the 

middle of each weld (mid-length and depth) were used to approximate α and consequently 

R. Fig. 4.5 shows an example of this approximation for one half (regarding width) of an Alloy 

6082 weld, produced with a torch speed of 8 mm/s; x is the welding direction (to the left) 

and y is the transverse direction. 

Fig. 4.5 Approximation of grain growth direction in horizontal x-y plane (mid-length and depth of 
weld metal; y = 0: centreline, y = 3 mm: fusion line). GTA bead-on-plate weld (no grain 
refiner additions), Alloy 6082, plate thickness 3 mm, torch speed 8 mm/s, heat input 258 
J/mm 

The black curve in Fig. 4.5 approximates the grain growth direction in the weld metal, which 

depended on alloy and torch speed, and which was calculated with equation (4.4). Here, c1 

and c2 are non-dimensional parameters that were adjusted in each case on the grain 

morphology of the corresponding weld. 

2

1

c
xcy  (4.4) 

After approximating the grain growth direction for each alloy and torch speed according to 

equation (4.4), the angle α between v and R was determined with equation (4.5), which 

originates from equations (2.13) and (4.4). For purposes of simplicity, the grain growth 

curvature in the vertical y-z plane (which also influences R) was neglected. 
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In a last step, R was calculated with equation (2.13) dependent upon torch speed v and the 

transverse position in the weld pool (y). In this calculation step, it was assumed that 

dendrites are oriented in the same direction as grain growth due to competitive growth and 

that grains grow normal to the solid-liquid interface [Sav66]. This is considered to be a 

reasonable approximation, recall Fig. 4.5. In other words: torch speed provides in equation 

(2.13) an order of magnitude upper limit for R at each position in the weld pool. 



4 Experimental 

34   BAM-Dissertationsreihe 

4.4.3 Columnar to equiaxed transition (CET) 

The experimental results, particularly the metallographic examinations and the thermal data 

from temperature measurements, were finally used to model the columnar to equiaxed 

transition (CET). Therefore, the approach developed by Hunt for castings [Hun84], recall 

section 2.5.2, was developed further for solidification in GTA welds. This analytical 

procedure is presented, for a better understanding, entirely and in detail in section 6.3.2. 

4.5 Mechanical testing 

To investigate the influence of grain structure on mechanical properties of the weld metal, 

hardness, strength, ductility and toughness were determined for Alloys 1050A and 5083. 

Compared to these two alloys, Alloy 6082 is a precipitation-hardened aluminium alloy; here, 

the heat affected zone (HAZ) is usually the weakest point of a fusion weld owing to 

recrystallisation and coarsening of precipitates during welding [Shr02]. As a consequence, 

mechanical tests such as e.g. cross-weld tensile tests are not suitable to characterise the 

mechanical properties of Alloy 6082 weld metal. For this reason, all mechanical tests were 

accomplished for Alloys 1050A and 5083 where the weakest point of the welds was 

expected to be the weld metal. 

The hardness of some metallographic samples was measured with a Vickers hardness 

tester using a test load of 0.3 kilopond (= 3 N) for Alloy 1050A and 0.5 kilopond (= 5 N) for 

Alloy 5083 to allow a similar size of the hardness marks for both alloys. Also, flat bar tensile 

specimens and notched tear specimens [Ast01] were produced from the welded coupons, 

see Fig. 4.6. In the middle of these cross-weld test specimens, the plate thickness was 

reduced by milling from 3 to 2 mm at a width of 50 mm (tensile specimens) or 18 mm (tear 

specimens), see Fig. 4.6. This minimised the influence of the weld surface on the test 

results and was achieved by milling off 0.5 mm (regarding specimen thickness) on both 

sides of each specimen. The actual, sharp notch root radius (0.1 mm) and the distance 

between notch root and back side of all tear specimens was measured before testing. 

Fig. 4.6 Tensile (left) and tear (right) test specimens (thickness: 3 mm) 

Afterwards, the specimens were loaded (together with specimens made of base metal) in 

quasi-static tensile and tear tests. The cross head speed was 3 mm/min (tensile tests) or 2 

mm/min (tear tests) and the direction of loading was perpendicular to the direction of rolling 

of the specimens. The optical 3D measuring system Aramis™ was used to measure the 

deformation on the top surface of the tensile specimens and calculated the corresponding 



4.5 Mechanical testing 

35 

true strain. Afterwards, a mean strain-time curve for the true strain in the direction of loading 

was constructed for the weld metal of each specimen by calculating an average strain value 

for many local measuring points on the weld metal surface. The tensile stress was 

calculated by dividing the tensile load by the initial cross-section (50 mm²) of the 

specimens. Finally, a mean stress-strain curve was constructed that represents the weld 

metal of each tensile specimen. From these curves, transverse proof strength (Rp0.2), 

transverse tensile strength (Rm), plastic extension at maximum force (Ag) and elongation 

after fracture (A) were determined. For some tensile specimens, the deformation was also 

measured with a clip gage (gage length 25 mm) in order to compare this method with the 

optical Aramis™ system. 

The tear testing procedure of this study ([Ast01]) is known to be an appropriate indicator for 

toughness of thin Al plates [Shi07]. For this reason, such tear tests are widely used to 

characterise the weld toughness in aerospace industry [Unp99, Pir09] where most 

components still consist of thin Al plates (thickness: several mm). In this study, the vertical 

displacement between the two pins (in direction of loading) was measured with a clip gage 

(gage length 28.5 mm, see Fig. 4.6) that was placed directly at the pins. All specimens were 

loaded until the fracture was reached (tensile tests) or until the propagating crack had split 

completely the specimen into two parts (tear tests). Afterwards, a force-displacement curve 

was constructed for each specimen according to the corresponding standard [Ast01], see 

Fig. 4.7. 

 

Fig. 4.7 Unit crack initiation and propagation energies dependent upon tensile force and 
displacement in tear test, as defined by the corresponding standard [Ast01] 

From these diagrams, the unit energies that are needed to initiate (UIE) and to propagate 

(UPE) a crack were calculated through integration of the area under the force-displacement 

curve, see equations (4.6) and (4.7). w is the specimen width (25 mm, distance between 

notch root and back side of specimen), t is the specimen thickness (2 mm), F is the tensile 

force, s is the displacement in direction of loading and si is the displacement at crack 

initiation. 
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The upper integration limit for the calculation of UPE was chosen to be a displacement of  

13 mm. Note that the corresponding standard [Ast01] assumes the crack to initiate at the 

moment when the maximum force (Fmax) is reached, as indicated in Fig. 4.7. In this study, 

however, it was observed that the cracks did not always initiate at maximum force, but often 

after having reached Fmax (particularly for Alloy 1050A). For this reason, si was determined 

with an optical 3D measuring system (Aramis™) and both UIE and UPE were calculated 

with these actual si values. 

One further parameter that is usually determined from tear tests is the tear strength that 

was calculated according to equation (4.8). Fi is the tensile force at crack initiation (at the 

displacement si), w is the specimen width (25 mm, distance between notch root and back 

side of specimen) and t is the specimen thickness (2 mm). 
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5 Results 

This section contains all experimental results of this study highlighting the influence of grain 

refiner additions, thermal conditions and chemical composition on the weld metal 

microstructure. Also, the effects of weld metal grain refinement on weldability and 

mechanical properties are presented. 

5.1 Grain size and shape response 

Al Ti5B1 grain refiner additions led to significant changes of both weld metal grain size and 

shape. The following sections show results on the weld microstructure response dependent 

upon alloy and torch speed. 

5.1.1 Grain refinement effect 

The Ti and B content of the weld metal was varied with the use of inserts that contained 

different amounts of grain refiner Al Ti5B1. Furthermore, torch speed was held constant at 

4.17 mm/s. The resulting weld metal grain size could be controlled this way. Fig. 5.1a 

shows for the three base alloys the relationship between weld metal mean grain size and 

the Ti content that was measured in the weld metal; in the following diagrams, the Ti 

content is used to represent the grain refiner additions; the B content was approximately 1/5 

of the Ti content. As one can see in Fig. 5.1a, increasing grain refiner addition levels led to 

a significant decrease in grain size. Each error bar is the standard deviation of the different 

mean grain sizes that have been determined in the (at least four) different sections of one 

weld metal. The data point on the left side of each curve (maximum grain size; Alloy 1050A: 

out of diagram) represents weld metal with base metal composition (no grain refiner 

additions). Even a small Al Ti5B1 addition of 0.05 wt.-% led to a clear decrease in grain 

size. 

Fig. 5.1 Weld metal mean grain size (a) and maximum / minimum grain size (b) dependent upon 
weld metal Ti content and base metal. GTA welding, plate thickness 3 mm, torch speed 
4.17 mm/s, mean heat input 478 J/mm 
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The observed grain size reduction depended strongly on the base metal; the smallest grain 

sizes were observed when grain refiner was added to commercial pure aluminium (1050A), 

whereby the grain size was reduced from 112 µm (data point not in the diagram) to 16 µm. 

Welds made with Alloy 5083 showed larger grain sizes than Alloy 1050A, with Alloy 6082 in 

between. Fig. 5.1b reveals these differences, comparing both maximum grain size (no grain 

refiner additions) and minimum grain size (at optimum grain refiner additions) for all alloys. 

Above a certain grain refiner addition level, saturation of grain size was observed at about 

20 µm, see Fig. 5.1a. 

The grain refinement effect is further illustrated in Fig. 5.2 containing six micrographs 

showing weld metal grain structure dependent upon base metal. One can find on the left 

side weld metals with maximum grain size with no grain refiner additions (Fig. 5.2a, c and 

e); the right side shows the minimum grain size when the Ti/B content of the weld metal 

was high enough leading to a fine, equiaxed microstructure (Fig. 5.2b, d and f). 

Furthermore, the refinement of the microstructure prevented the formation of centreline 

solidification cracks that formed in unrefined Alloy 6082 weld metal, see Fig. 5.2c and d. 

Also, the growth of feather grains in Alloy 5083 weld metal (Fig. 5.2e and f) was prevented 

by grain refinement. 

Fig. 5.2 GTA weld metal with low (a, c and e) and high (b, d and f) Ti/B content. Plate thickness 3 
mm, torch speed 4.17 mm/s, mean heat input 478 J/mm 

Fig. 5.2 also reveals that the minimum weld metal grain size was larger (Alloy 5083) or 

clearly smaller (Alloys 1050A and 6082) than the grain size of the cold rolled base metal 
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plates (Alloy 5083: 14 µm, Alloy 1050A: 20 µm, 6082: 35 µm). This indicates that the 

influence of the solute content of each alloy on grain size response is high, which is also 

shown by Fig. 5.3a. As one can see here, the difference maximum decrease in grain size 

was the highest for Alloy 1050A and the lowest for Alloy 5083 with Alloy 6082 in between. 

Furthermore, the optimum Ti content, or the minimum Ti content needed to achieve a 

minimum grain size, depended strongly upon the base metal alloy, see Fig. 5.3b. According 

to this, the grain refiner efficiency was the highest in commercial pure Al (1050A), where 

small Al Ti5B1 additions led to a strong decrease in the mean grain size. This is in contrast 

to Alloy 5083, where large additions were needed to achieve a grain size reduction that was 

less pronounced than with Alloy 1050A (Alloy 6082 in between), recall Fig. 5.1. 

Fig. 5.3 Maximum decrease in grain size (a) at optimum Ti content (b) dependent upon base metal. 
GTA welding, plate thickness 3 mm, torch speed 4.17 mm/s, mean heat input 478 J/mm 

5.1.2 Grain size distribution 

All data points in Fig. 5.1a are based on manual grain size measurement according to the 

standard [Ast04]. In addition, the grain size distribution for three different grain refiner 

addition levels and grain sizes was determined for one alloy (Alloy 6082), see Fig. 5.4. The 

diagram shows the relative frequency of the weld metal grain size for three welds (a: 

unrefined, b: partially refined and c: completely refined weld metal). Therefore, the 

measured grain size has been sorted in grain size classes, each with a width of 5 µm, and 

put into histograms. According to these three histograms (Fig. 5.4), the weld metal grain 

size is log-normally distributed with one maximum grain size that depends on the mean 

grain size. 

The skew, or asymmetry, of log-normal distributions is always positive (skewed to the right). 

That means that the tail of the distributions is longer on the right side than on the left side. 

The skew was calculated according to equation (5.1) by image analyser software, which 

also determined σ. σ is here the standard variation in grain size and hence describes the 

shape of the log-normal distribution. 
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In the case of no grain refiner additions (Fig. 5.4a) the calculated skew was the highest (66, 

non-dimensional) because of the presence of large weld metal grains, as many counts of 

grain sizes > 100 µm were observed, recall Fig. 5.2c. The grain refiner additions led to a 

higher frequency density around the maximum whereby the skew was reduced to 21 (Fig. 

5.4b) and 12 (Fig. 5.4c). 

 

Fig. 5.4 Relative frequency of classified weld metal grain size (class size 5 µm) for different weld 
metal Ti contents, GTA welding, Alloy 6082, torch speed 4.2 mm/s, heat input 467 J/mm 

5.1.3 Influence of torch speed on grain structure 

To investigate the influence of the welding parameters on the weld microstructure, torch 

speed was varied from 2 mm/s to 11.5 mm/s, see Fig. 5.5. 

Fig. 5.5 Observed weld pool shape (top surface) dependent upon torch speed. GTA welding, Alloy 
6082, plate thickness 3 mm 
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As a result, the shape of the weld pool top surface changed with increasing torch speed 

from circular to elliptical and, at very high torch speeds, to tear-drop shaped. In Fig. 5.5, the 

shape of the weld pool top surface is shown, as an example, for Alloy 6082 welds. 

Fig. 5.6 reveals the mean grain size of Alloy 6082 welds for three different torch speeds. 

Accordingly, variations of torch speed did not affect the grain size considerably. This small 

influence of torch speed was also observed for Alloys 1050A and 5083. 

Fig. 5.6 Weld metal mean grain size dependent upon torch speed and weld metal Ti content. GTA 
welding, Alloy 6082, plate thickness 3 mm 

Increasing torch speed caused a strong change in the weld metal microstructure, see Fig. 

5.7. These micrographs reveal for Alloy 6082 both grain size and shape in the horizontal 

cross-section in the middle of several welds (mid-length and depth). 

Fig. 5.7 Weld metal grain structure (top-sections) in plane where temperature was measured (z = 0, 
see Fig. 4.3) dependent upon torch speed. GTA bead-on-plate welds (no grain refiner 
addition), Alloy 6082, plate thickness 3 mm 

In accordance with Fig. 5.5, columnar grain structure was found predominantly at the fusion 

line and, if present, equiaxed grains formed along the weld centre. In addition, increasing 

torch speed did not only facilitate equiaxed grain growth, but also reduced volume fraction 
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and size (length and thickness) of columnar grains. The effects of torch speed variation on 

the thermal conditions in aluminium GTA welds and their relationship to the weld metal 

microstructure are presented in detail in section 5.3. 

In a second set of experiments, the torch speed variation was expanded to Alloys 1050A 

and 5083. The results of these experiments are summarised in Table 5.1 that shows the 

predominant weld metal grain morphology – dependent upon alloy, torch speed and grain 

refiner content, where the latter is represented by the Ti content. In accordance with Fig. 

5.7, increasing torch speeds allowed the formation of predominantly equiaxed (E) instead of 

predominantly columnar (C) grain morphology for all three base alloys. 

Besides torch speed, the chemical composition played obviously a key role in determining 

the weld microstructure, see Table 5.1. Accordingly, commercial pure Al (Alloy 1050A, 

approx. 0.4 wt.-% total alloy content, recall Table 4.1) showed a much higher tendency for 

columnar growth than Alloy 5083 (approx. 6.0 wt.-% total alloy content), with Alloy 6082 

(approx. 2.7 wt.-% total alloy content) in between, see Table 5.1. This high influence of 

solute content on the subsequent grain morphology is discussed in section 6.2. 

Furthermore, the transition from columnar to equiaxed grain growth is explained closer and 

described with an analytical model in section 6.3. 

Table 5.1 Grain morphology in GTA weld metal dependent upon torch speed and weld metal Ti 
content (C: predominantly columnar, E: predominantly equiaxed, C/E: mixture of both), 
determined in top-sectional micrographs 

Torch 
speed v 
in mm/s 

Ti content in wt.-% 

Alloy 1050A Alloy 6082 Alloy 5083 

0.01 0.02 0.06 0.02 0.04 0.06 0.03 0.05 0.07 

2.0 C C E C E E C E E

4.2 C C E C E E C/E E E

6.0 C C E C E E E E E

8.0 C C/E E C/E E E E - - 

10.0 C C/E - E E E E - - 

11.5 C - - E - - - - - 

5.1.4 Texture formation 

The grain refinement effect was illustrated in Fig. 5.2 that reveals the weld metal 

microstructure for the three alloys used in this study. The two micrographs representing 

coarse and refined Alloy 1050A weld metal from Fig. 5.2 are shown in Fig. 5.8. Remarkably, 

both micrographs suggest a crystallographic texture in both refined and unrefined weld 

metal, indicated by a segregation of yellow (left) and blue (right) grains. Here, it should be 

noted that the colour of each grain is affected by its crystallographic orientation due to the 

use of an etching technique and an optical microscope with polarised light as described in 

section 4.3. It is of interest that such a texture was observed in all Alloy 1050A welds as 

well as in the coarse-grained Alloy 6082 welds (recall Fig. 5.2). The welds made from Alloy 

5083, however, did not produce any crystallographic texture at all. 
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Fig. 5.8 GTA weld metal cross-sections (optical micrographs) with low (a) and high (b) Ti/B content. 
A and B indicate regions where EBSD measurements were made later. Alloy 1050A, plate 
thickness 3 mm, torch speed 4.2 mm/s, mean heat input 484 J/mm 

An EBSD analysis was performed in order to determine the exact orientation angle of the 

“yellow” and “blue” grains. The results from this analysis are summarised in Fig. 5.9, which 

shows etched micrographs from regions A and B (Fig. 5.8a) at a higher magnification (see 

Fig. 5.9a and d). Furthermore, Fig. 5.9b, c, e and f contain the EBSD results from both 

regions.  

Accordingly, the optical images (etched micrographs) show for each section many 

neighboured grains that have a similar colour and a similar atomic lattice orientation, 

respectively; only few grains are oriented completely different. In the EBSD images (Fig. 

5.9b and e) each colour reveals how each grain is oriented; the exact orientation can be 

understood with the colour key and the FCC aluminium unit cell at the bottom of Fig. 5.9. 

The three arrows are surface normals that are perpendicular to the cross-sectional area of 

the micrographs in Fig. 5.9a, b, d and e. Furthermore, the colour and the position of each 

arrow in the FCC unit cell indicate how each arrow is located in the FCC atomic lattice of 

the grains with the corresponding colour in Fig. 5.9b and e. Accordingly, a virtual FCC unit 

cell that has the same atomic lattice orientation as the red grains in Fig. 5.9b and e, for 

instance, stands with one of its cube faces on the cross-sectional areas in Fig. 5.9b and e 

(because the red <100> arrow is located at the cube edge); the FCC unit cell that 

represents green grains stands on one of its cube edges and the unit cell that represents 

blue grains stands on one of its body diagonals, respectively. 

The crystallographic orientation of all grains from region A and B is summarised in Fig. 5.9c 

and f. These two pole figures reveal the distribution of the <100> direction of all detected 

lattice orientations as a stereographic projection. To obtain the pole figures, straight lines 

that represent the <100> direction of each grain in Fig. 5.9b and e were transferred to Fig. 

5.9c and f in a way that they go through the centre of the corresponding circle. Then, the 

intercept point of each of these lines with a virtual, three-dimensional hemisphere that is 
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spanned by each circle (Fig. 5.9c and f) was determined. In a last step, all these intercept 

points were projected from “above” (the reader’s point of view) on the two-dimensional 

circle area where they appear as black data points, see Fig. 5.9c and f. 

 

Fig. 5.9 Optical and EBSD images of regions A and B from Fig. 5.8a and corresponding pole 
figures of <100> direction in FCC crystals. GTA welding, Alloy 1050A, plate thickness 3 
mm, torch speed 4.2 mm/s, mean heat input 484 J/mm 

Looking at both pole figures (Fig. 5.9c and f), one can see that 1) they are approximately 

mirror images of each other (mirror axis z) and 2) there is a frequency maximum close to 

the point of origin. The reasons behind such a frequency distribution are further discussed 

in section 6.1.5. 

5.2 Influence of alloy content and nucleant particles on grain 
structure 

This section provides results to explain the observed effects of alloy composition and grain 

refiner additions on the weld metal grain structure. Besides the calculation of the 

undercooling parameters P and Q, investigations of potential nucleant substrates are 

presented. 
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5.2.1 Undercooling parameters P and Q 

Fig. 5.10a shows the calculated values of P (right columns) and Q (left columns) for the 

three base metals without any grain refiner addition. Owing to their higher alloying content, 

P and Q of both Alloys 6082 and 5083 are clearly higher than values for commercial pure 

aluminium (1050A). All P values are higher than Q due to the equilibrium partition coefficient 

ki that is < 1 for most binary systems, recall Table 2.2. Furthermore, it is of note that in the 

case of Alloys 6082 and 5083, P is almost equal whereas Q is very different. 

When Al Ti5B1 is added to the cast inserts in order to raise the Ti/B weld metal content and 

to reduce grain size, the calculated P and Q values develop differently, see Fig. 5.10b. Q 

(continuous lines) increases and P (dashed lines) stays almost constant as grain refiner is 

added. Furthermore, the constant slope of each line reveals again how dramatically the Ti 

content influences the calculation of P and Q. 

Fig. 5.10 a) Q and P of base metals and b) Q and P dependent upon weld metal Ti content 
(continuous lines: Q, dashed lines: P). GTA welding, plate thickness 3 mm, torch speed 
4.17 mm/s, mean heat input 478 J/mm 
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5.2.2 Particle size, distribution and composition 

The above results revealed that grain refiner additions to the weld metal can decrease the 

weld metal mean grain size significantly. After focusing on the influencing factor alloy 

composition, it is of note to consider the potential nucleant particles in the weld metal. It is 

clear that Al Ti5B1 grain refiner additions introduce insoluble TiB2 particles and soluble Al3Ti 

particles to the weld pool. As explained in the background, some amount of such Al3Ti 

particles was expected to dissolve during welding and to provide solute Ti and hence 

constitutional undercooling, dependent upon welding conditions. Therefore, WDS analysis 

were accomplished for several Alloy 6082 welds in order to investigate the titanium 

distribution in the weld metal. 

The results are shown in Fig. 5.11; these three WDS images show the titanium 

concentration and distribution in three different welds: from low Al Ti5B1 additions and large 

mean grain size (Fig. 5.11a) to high Al Ti5B1 additions and thus low mean grain size (Fig. 

5.11c). Accordingly, high grain refiner addition levels (that were needed to achieve a 

minimum grain size) produced large Ti rich agglomerates with a thickness up to 15 µm, see 
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Fig. 5.11c. These particles were determined to be Al3Ti. It should be noted here that the red 

colour in Fig. 5.11 corresponds to a Ti concentration of at least 2.5 wt.-%, since Al3Ti 

contains 37 wt.-% Ti [Wer11]. 

Fig. 5.11 Ti distribution in GTA weld metal with different mean Ti content (WDS images). Alloy 6082, 
plate thickness 3 mm, torch speed 4.2 mm/s, mean heat input 467 J/mm 

Besides titanium, boron plays a key role in the grain refinement efficiency of Al Ti5B1 grain 

refiners [Guz87, Slz10]. As a consequence, both Ti and B distribution were determined by 

WDS for the weld in Fig. 5.11c (high grain refiner content), see Fig. 5.12a. Here, the Ti 

bearing particles are black and the B bearing particles are coloured whereby the colour 

scale indicates the B concentration. 

An important result from this analysis is that boron-rich particles were particularly found in 

the centre of titanium-rich particles. Furthermore, Alloy 6082 weld metal was analysed by 

TEM. This investigation revealed TiB2 particles with a size of about 1 µm, see Fig. 5.12b 

and c. Interestingly, a thin Al3Ti layer was found on one of these two TiB2 particles (see Fig. 

5.12b). The other TiB2 particle in Fig. 5.12c was covered partially by an intermetallic phase 

rich in Si and Fe, which is probably Al5FeSi or Al8Fe2Si [Huf83, Bäc86]. 
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Fig. 5.12 GTA weld metal with mean contents of 0.137 wt.-% Ti and 0.045 wt.-% B revealing a) Ti 
(black) and B (coloured) distribution, b) TiB2 particle covered by a thin, white Al3Ti layer and 
c) TiB2 particle adjacent to an intermetallic phase rich in Si and Fe (a: WDS image; b, c: 
TEM images). Alloy 6082, plate thickness 3 mm, torch speed 4.2 mm/s, mean heat input 
467 J/mm 

5.3 Influence of thermal conditions on grain structure 

As presented in section 5.1.3, the thermal conditions in GTA weld metal showed a 

significant influence on grain size and shape response, as predicted by Fig. 2.9. Since the 

grain size response was the lowest for Alloy 5083, the thermal conditions were determined 

only for Alloys 1050A and 6082. Therefore, the solidification parameters growth rate R, 

temperature T, cooling rate dT/dt, thermal gradient G, solidification time ΔtS and their 

variation along the weld metal solidification front were investigated. 

With respect to the following diagrams, remember that y is in the direction transverse to the 

welding direction (y = 0: centreline, y = 3 mm: fusion line), recall Fig. 4.3 and Fig. 4.5. As 

one can see in Fig. 5.13, the calculated R values (recall section 4.4.2) are maximum at the 

centreline (y = 0), where they correspond to torch speed, and they are minimum at the 

fusion line (y = 3 mm). Interestingly, for Alloy 6082, lower minima were observed at the 

fusion line than for Alloy 1050A. This is due to the angle α that was found at the fusion line 

to be generally lower for Alloy 6082 than for Alloy 1050A. 
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Fig. 5.13 Solidification growth rate R, dependent upon horizontal position in weld metal (y = 0: 
centreline; y = 3 mm: fusion line). GTA welding, plate thickness 3 mm 
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After having determined R by means of micrographs, temperature measurements were 

accomplished as explained in section 4.2 to reveal the thermal conditions along the solid-

liquid interface during solidification. The most important influencing weld parameter is the 

heat input per unit length (H) that was calculated with equation (2.11) on the basis of data 

from Table 4.3. Fig. 5.14 shows for both Alloys 1050A and 6082 that H decreased strongly 

with increasing torch speed, although the weld current was raised with increasing torch 

speeds to allow similar weld bead sizes. As a result, the weld bead width decreased slightly 

with increasing torch speed, being approximately 5 mm to 6 mm in the middle of the weld 

(mid-depth). Also, the copper backing (recall Fig. 4.2) controlled the weld bead width 

because it caused a dominating directional heat flow from the weld coupon downward. 

 

Fig. 5.14 Heat input H (calculated from data in Table 4.3) dependent upon torch speed. GTA 
welding, plate thickness 3 mm 
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To determine the thermal conditions for the whole weld pool, the position of the 

thermocouple was varied between y = 0 and y = 3 mm (recall Fig. 4.3). The measurement 

technique allowed an approximate adjustment of the thermocouple position (y). This 

approach complicated temperature measurements particularly at the fusion line (where 

temperature reaches liquidus temperature). This explains the limited experimental data for 

the range between y = 2.5 mm and y = 3.0 mm in the following diagrams. The exact 
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thermocouple position was always determined through measurements after welding and 

was related to the recorded temperature profile. 

Fig. 5.15 reveals the cooling curves for both alloys and different torch speeds at y = 0 mm 

(centreline); the start temperatures (at 0 s) are the maximum temperatures for each 

measurement. Both diagrams suggest a slightly faster cooling for Alloy 1050A than for Alloy 

6082 welds. 

Fig. 5.15 Temperature-time profiles (mean values) at weld centreline (y = 0). GTA welding, plate 
thickness 3 mm 
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This suggestion is further confirmed by the corresponding cooling rates that are shown in 

Fig. 5.16 dependent upon the position in the weld pool (y axis). These values are the 

cooling rates at liquidus temperature (recall Table 4.2) since the solidification starts at this 

moment. The cooling rates were observed to be maximum at the centreline (y = 0) and are 

supposed to be minimum at the fusion line (y = 3 mm). In Fig. 5.15 to Fig. 5.20, each curve 

(Fig. 5.15) or each data point (Fig. 5.16 to Fig. 5.20) is based on at least two single 

temperature measurements at constant welding parameters. 

Fig. 5.16 Cooling rate dT/dt at liquidus temperature TL, dependent upon horizontal position in weld 
metal (y = 0: centreline; y = 3 mm: fusion line). GTA welding, plate thickness 3 mm 
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In a further calculation step, the cooling rates dT/dt were used to calculate the thermal 

gradient G according to equation (2.12). For purposes of comparison, both gradients GL 

(calculated with dT/dt at liquidus temperature) and GS (calculated with dT/dt at solidus 

temperature) were determined, see Fig. 5.17 and Fig. 5.18. From centreline (y = 0 mm) to 

fusion line (y = 3 mm), G did not change significantly owing to the fact that both R (recall 

Fig. 5.13) and dT/dt (recall Fig. 5.16) decreased clearly. Increasing torch speeds and 

decreasing heat inputs, however, reduced GL significantly (by up to 40%), see Fig. 5.17. 

Fig. 5.17 Thermal gradient GL at liquidus temperature TL (Alloy 1050A: 657 °C; Alloy 6082: 650 °C), 
dependent upon horizontal position in weld metal (y = 0: centreline; y = 3 mm: fusion line). 
GTA welding, plate thickness 3 mm 
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Fig. 5.18 Thermal gradient GS at solidus temperature TS (Alloy 1050A: 646 °C; Alloy 6082: 550 °C) 
dependent upon horizontal position in weld metal (y = 0: centreline; y = 3 mm: fusion line). 
GTA welding, plate thickness 3 mm 
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The above G values, however, cannot explain solely why the grain morphology often 

changes from columnar at the fusion line to equiaxed at the centreline. For this reason, the 

important solidification parameter GL/R was calculated from the above data, see Fig. 5.19. 

For both alloys, GL/R was, as expected from Fig. 2.9, the lowest at the centreline and the 

highest next to the fusion line with an increase in between, mainly for Alloy 1050A. 
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Fig. 5.19 Ratio GL/R at liquidus temperature TL, dependent upon horizontal position in weld metal (y = 
0: centreline; y = 3 mm: fusion line). GTA welding, plate thickness 3 mm 
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Besides alloy content, one important parameter that represents the chemical composition is 

the solidification time ΔtS. This parameter was calculated on the basis of the above thermal 

data and Table 4.2. As one expects, ΔtS was much higher in Alloy 6082 welds than for 

commercial pure Al (Alloy 1050A) welds, see Fig. 5.20. Furthermore, ΔtS was found to be 

higher at the fusion line than at the weld centreline. This and the above observations 

regarding solidification parameters are discussed in detail in section 6.3.1. 

Fig. 5.20 Solidification time ΔtS, dependent upon horizontal position in weld metal (y = 0: centreline; y 
= 3 mm: fusion line). GTA welding, plate thickness 3 mm 
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5.4 Weldability 

The micrographs from Fig. 5.2 and Fig. 5.7 (recall section 5.1) disclose for Alloy 6082 that 

in some welds, hot cracks formed during solidification of the weld metal. Such solidification 

cracks always appeared as weld centreline cracks, see Fig. 5.21, and they were not 

observed in Alloy 1050A and 5083 welds. 
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Fig. 5.21 Exemplary centreline solidification crack at top surface of GTA weld, Alloy 6082, torch 
speed 4.2 mm/s, heat input 467 J/mm 

Fig. 5.22a shows data from Fig. 5.6 and the influence of Ti/B additions and weld metal 

mean grain size on the occurrence of solidification cracking in Alloy 6082 weld metal. 

Accordingly, at low titanium contents below 0.05 wt.-% and thus large mean grain sizes > 

25 µm, only one weld without a solidification crack was observed (marked by a green circle 

in Fig. 5.22a). Higher grain refiner addition levels / smaller mean grain sizes prevented the 

formation of hot cracks. The relationship between weld metal mean grain size and the 

formation of solidification cracks is illustrated in another way with more data points in Fig. 

5.22b. Green and red points mark welds where the formation of solidification cracks has 

been observed in the weld metal and where not, dependent upon torch speed. As a result, 

torch speeds between 2.0 mm/s and 6.0 mm/s had no visible influence on the tendency for 

solidification cracking. At torch speeds > 6 mm/s, however, the heat input was low, recall 

Fig. 5.14, and the weld bead width decreased slightly. Consequently, in some welds 

produced with high torch speed no solidification cracks were observed, although the grain 

refiner addition level was low or even zero, recall Fig. 5.7. 

Fig. 5.22 Relationship between mean grain size and titanium content of the weld metal (a) and 
tendency for solidification cracking (= hot cracking) dependent upon torch speed (b). GTA 
welding, Alloy 6082, mean heat input 572 J/mm 
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To determine the influence of the microstructure on the weldability, a polished sample from 

the weld metal of a grain refined weld (0.137 wt.-% Ti) was investigated under higher 

magnification (1000 fold), see Fig. 5.23a. Two interdendritic phases were found by WDS 

analysis: a black spherical phase that is Mg2Si [Bec62] and a dark grey phase. This second 

phase is rich in Si and Fe and is likely Al8Fe2Si or Al5FeSi according to WDS analysis and 

corresponding literature [Huf83, Bäc86, Ast97]. The aluminium matrix appears light grey. 

The micrograph in Fig. 5.23b shows the middle of a weld where a centreline solidification 
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crack was observed (0.021 wt.-% Ti). Fig. 5.23b reveals that a complex crack network 

formed cavities along sub-grain boundaries where the interdendritic phases are. 

 

Fig. 5.23 Weld metal microstructure a) and cavities along interdendritic phases b), GTA welding, 
Alloy 6082, torch speed 4.2 mm/s, heat input 467 J/mm 

In addition, the relationship between weld metal mean grain size and the appearance of the 

interdendritic phases was investigated. For this purpose, one coarse and one fine-grained 

weld was examined under higher magnification in two steps: first, a micrograph was made 

to show the interdendritic phases as presented in Fig. 5.23. To reveal their shape and 

distribution, an image editing software was used to colour all interdendritic phases and 

particles black and the Al matrix white, see Fig. 5.24a and c. In a second step, both 

micrographs were etched anodically as described in section 4.3 to illustrate the grain 

structure, see Fig. 5.24b and d. Consequently, Fig. 5.24 shows for the same section the 

shape of the interdendritic network (a and c) and the corresponding grain size (b and d) for 

the cases of an unrefined (a and b) and a completely refined (c and d) weld metal. It should 

be emphasised that both sections are representative of the entire weld metal. 

Also, It is important to note that different colours in Fig. 5.24b and d represent areas of 

different crystals and hence different grains (as e.g. in Fig. 5.2). Such grains were the basis 

for all grain size measurements of this study and should not be confused with single 

dendrites. 

As a result, Fig. 5.24a and c reveal aluminium dendrites (white) that are separated by 

interdendritic phases (black). Both interdendritic network and grain structure show weld 

metal grains that consist of a complex network of many dendrites, see Fig. 5.24a and b. If 

the grain size decreases approaching the dendrite arm spacing (e.g. due to high grain 

refiner additions) each grain may consist of only a few dendrites or even one single 

dendrite, see Fig. 5.24c and d. 
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Fig. 5.24 Interdendritic phases (a) and grain structure (b) at low (a, b) and high (c, d) Ti content, GTA 
welding, Alloy 6082, torch speed 4.2 mm/s, heat input 467 J/mm 

5.5 Mechanical properties 

As outlined in section 4.5, the mechanical properties were not determined for Alloy 6082 

since its main strengthening mechanism is precipitation hardening, which usually makes the 

HAZ (heat affected zone) the weakest part of Alloy 6082 welds. To investigate the influence 

of the weld metal grain structure on the mechanical properties of Alloy 1050A and 5083 

welds, hardness, tensile and tear test were accomplished. The weld metal (WM) Ti contents 

and the corresponding mean grain sizes of the used specimens are summarised in Table 

5.2. Also, the grain size of base metal (BM) and heat affected zone (HAZ) are given here. 

Table 5.2 Mean grain size of base metal (BM), heat affected zone (HAZ) and weld metal (WM) 
dependent upon Ti content 

Parameter 
Alloy 1050A (Al 99.5) Alloy 5083 (Al Mg4.5Mn0.7) 

BM HAZ WM BM HAZ WM 

Ti content in wt.-% 0.01 0.01 0.01 0.10 0.03 0.03 0.03 0.07 0.17 

Mean grain size in µm 20 31 112 16 14 14 39 28 22 

5.5.1 Hardness 

Fig. 5.25a shows the Vickers hardness profile of a typical weld for Alloy 1050A (with a mean 

weld metal grain size of 18 µm) and for Alloy 5083 (39 µm). The error bars indicate the 

standard deviation of all single hardness measurements in weld metal and HAZ of each 

alloy. As expected, the hardness of Alloy 1050A welds was much lower than in Alloy 5083 
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welds. For Alloy 1050A, the base metal hardness was determined to be much higher (59 

HV) than in the weld metal (about 33 HV). In contrast, Alloy 5083 base metal had a slightly 

lower mean hardness (84 HV) than Alloy 5083 weld metal (about 90 HV). Furthermore, Fig. 

5.25b reveals that the weld metal mean grain size had no significant influence on the weld 

metal mean hardness – despite large differences in the corresponding grain size, recall Fig. 

5.1a. 

Fig. 5.25 a) hardness of heat affected zone (HAZ) and weld metal (WM) at grain size of 18 µm 
(1050A, HV 0.3) and 39 µm (5083, HV 0.5) and b) mean weld metal hardness dependent 
upon mean grain size. GTA welding, plate thickness 3 mm, torch speed 4.2 mm/s, mean 
heat input 482 J/mm 
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5.5.2 Strength and ductility 

Fig. 5.26 shows for Alloy 5083 the results of the tensile tests with specimens made from 

base metal or welds of different mean grain size. Each value is a mean value of 5 different 

tensile tests. The strength properties transverse proof strength (Rp0.2) and transverse tensile 

strength (Rm) for the base metal were found to be higher than in the weld metal, where grain 

size showed no influence on strength, see Fig. 5.26a. The tensile fracture was observed in 

base metal specimens always in the direction of maximum shear stress and thus in a plane 

45° to the direction of loading. In welded specimens, the fracture always occurred in the 

weld metal and in a plane 90° to the direction of loading. 

The corresponding strain parameters plastic extension at maximum force (Ag) and 

elongation after fracture (A) are shown in Fig. 5.26b. Both strains were much lower in the 

weld metal than in the base metal. Furthermore, a decreasing weld metal mean grain size 

led to significantly increasing strain values. Hence, grain refinement enhanced the ductility 

of Alloy 5083 weld metal, but not its strength. The Alloy 1050A tensile test specimens failed 

all in the heat affected zone (HAZ). Consequently, the tensile properties were not 

determined for Alloy 1050A weld metal. 
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Fig. 5.26 Proof strength Rp0.2 and tensile strength Rm (a) and plastic extension at maximum force Ag 
and elongation after fracture A (b) of base metal and weld metal at different grain sizes in 
tensile tests. GTA welding, Alloy 5083, torch speed 4.2 mm/s, mean heat input 474 J/mm 
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5.5.3 Toughness 

The base and weld metal toughness of the Alloys 1050A and 5083 were investigated in tear 

tests. Fig. 5.27 shows the obtained force-displacement curves, whereby each curve is a 

mean curve of 6 different tear tests. As expected, the maximum loads were lower for Alloy 

1050A specimens (Fig. 5.27a) than for Alloy 5083 (Fig. 5.27b) owing to the low strength of 

Alloy 1050A compared to Alloy 5083. Furthermore, the difference in toughness between 

base and weld metal was observed to be high for Alloy 1050A and low for Alloy 5083. 

From every force-displacement curve, the unit energies UIE and UPE were calculated 

according to equation (4.6) and (4.7). The mean values of the unit energy needed for crack 

initiation (UIE) are shown in Fig. 5.28. UIE is a measure for notch toughness [Kau01]. In 

agreement with Fig. 5.27, UIE for Alloy 1050A was much higher in the base metal than in 

the weld metal, see Fig. 5.28a. For Alloy 5083, only a small difference between the UIE 

values for base and weld metal was observed, see Fig. 5.28b. 

Fig. 5.27 Tensile force dependent upon displacement and grain size in tear tests (mean values). 
GTA welding, torch speed 4.2 mm/s, mean heat input 482 J/mm 
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Fig. 5.28 Unit initiation energy (UIE) dependent upon grain size in tear tests. GTA welding, torch 
speed 4.2 mm/s, mean heat input 482 J/mm 
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The unit energy needed for subsequent crack propagation until fracture (UPE) represents 

the tear resistance of a material [Kau01] and is also understood as a measure of fracture 

toughness [Zhu04, Shi07]. Fig. 5.29 shows the obtained UPE values that reveal a 

completely different response on crack growth of the two alloys: the resistance to a 

propagating crack was much higher in 5083 base metal (171 N/mm) than in 1050A base 

metal (98 N/mm). The high toughness of Alloy 5083, however, breaks down if the crack 

propagates through weld metal, see Fig. 5.29b. Then, UPE of Alloy 5083 is similar (coarse-

grained weld metal) or clearly smaller (fine-grained weld metal) than the corresponding UPE 

values of Alloy 1050A. The improvement in the resistance to crack propagation through 

grain refinement is very clear for Alloy 1050A (27%) whereas 5083 weld metal suffers a 

slight decrease in toughness (- 6%) through grain refinement. 

Fig. 5.29 Unit propagation energy (UPE) dependent upon grain size in tear tests. GTA welding, torch 
speed 4.2 mm/s, mean heat input 482 J/mm 
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To investigate the influence of microstructure on toughness, metallographic and SEM 

analysis were accomplished. Fig. 5.30 shows the obtained results, as an example, for an 

Alloy 5083 base metal tear specimen. Both crack path (Fig. 5.30a) and dimpled crack 

surface (Fig. 5.30b) disclose a predominantly transgranular fracture mode, which was 

observed for all Alloy 1050 and 5083 specimens. 
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Fig. 5.30 a) typical crack path (etched micrograph) and b) typical crack surface (SEM image) in tear 
specimens. Alloy 5083 base metal, torch speed 4.2 mm/s, mean heat input 474 J/mm 

Furthermore, one can see in Fig. 5.31 that the intermetallic phases were large and spherical 

in the base metal (Fig. 5.31a and b) and thin and long in weld metal forming a semi-

continuous network (Fig. 5.31c and d). Weld metal grain refinement increased the size of 

these phases slightly. 

 

Fig. 5.31 Intermetallic phases of base metal (a and b) and unrefined weld metal (c and d). GTA 
welding, torch speed 4.2 mm/s, mean heat input 482 J/mm 
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WDS analysis disclosed for Alloy 5083 that the dark (black) phase in Fig. 5.31b and d is 

Mg2Si whereas the bright (grey) phase is likely Al6(FeMn) [Bäc86, Tir03], Al7(FeMn) [Cze05] 

or Al12(FeMn)3Si [Tir03]. The grey eutectic constituent in 1050A base and weld metal (Fig. 

5.31a and c) is likely Al6Fe or Al8Fe2Si [Bäc86]. 

Table 5.3 lists the obtained tear strength values (calculated with equation (4.8)) for base 

metal and weld metal with coarse and fine grain structure. These values show the same 

trend as UIE, recall Fig. 5.28. Accordingly, the tear strength was much higher for Alloy 5083 

than for Alloy 1050A. In addition, Table 5.3 summarises the transverse proof strength Rp0.2 

for both alloys from the above presented tensile tests (recall section 5.5.2) and the ratio of 

tear strength and proof strength. 

Table 5.3 Tear strength and proof strength for base and weld metal dependent upon mean grain size 

Parameter 

Alloy 1050A (Al 
99.5) 

Alloy 5083 
(Al Mg4.5Mn0.7) 

BM WM BM WM 

Mean grain size in µm 20 112 16 14 39 22 

Tear strength in MPa 171 103 135 355 335 329 

Proof strength Rp0.2 in MPa 108 - - 143 127 129 

Tear strength / Proof strength 1.6 - - 2.5 2.6 2.6 

5.6 Loss in titanium 

For the welds of this study, the loss in titanium was determined, as an example, for Alloy 

6082, see Fig. 5.32. Accordingly, about 50% of the total titanium content from each cast 

insert got lost through evaporation during welding. Interestingly, varying torch speeds 

between 2 mm/s and 6 mm/s and different grain refiner addition levels did not show any 

influence on the element loss. It should be mentioned thereby that in Fig. 5.32 the filler 

dilution was of course considered by calculation and the observed element loss is 

completely due to burn-off. 

Fig. 5.32 Relative loss in titanium due to burn-off during welding, dependent upon weld metal Ti 
content and torch speed, GTA welding, plate thickness 3 mm, Alloy 6082 
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6 Discussion 

In this section, all experimental results of this study are discussed and compared to 

literature in detail; particularly the influence of grain refiner additions, chemical composition 

and thermal conditions on the weld metal microstructure. Furthermore, the observed 

influences of grain size on weldability and mechanical properties are discussed. 

6.1 Grain size and shape response 

The above results reveal that the grain refiner additions changed weld metal grain size and 

shape considerably. These observations are explained in detail in the following sections. 

Also, phenomena such as the formation of a crystallographic texture (Alloys 1050A and 

6082) and feather grain growth (Alloy 5083) are discussed here. 

6.1.1 Grain refinement effect 

The significant grain size decrease in Fig. 5.1 has also been reported by other authors for 

grain refinement in GTA weld metal [Dvo90, Mou99, Dev07]. The observed grain refinement 

can be explained by 1) a higher number of active solidification nuclei such as TiB2 [Sch08] 

and Al3Ti [Bäc86] that were present in the weld pool during solidification and 2) a higher 

degree of constitutional undercooling, particularly provided by solute titanium [Crt89]. It is 

known from other studies that commercial Al Ti5B1grain refiners contain both insoluble TiB2 

and soluble Al3Ti particles [Slz10]. Some of the TiB2 particles present have likely nucleated 

grains in the solidifying weld pool [Cib49, Joh92, Gre00, Sch08]. 

With respect to Al3Ti, it is not known how much Al3Ti was dissolved during welding. Some 

amount of Al3Ti is expected to dissolve during welding and to provide solute Ti, depending 

upon welding conditions. It is of note that the Ti content of most welds was below the Ti 

concentration above which Al3Ti may form (0.15 wt.-%) according to the equilibrium binary 

phase diagram for Al-Ti [Crt89]. Al3Ti agglomerates with a thickness up to 15 µm were 

observed in a WDS analysis of metallographic specimens of weld metal with high grain 

refiner content. Furthermore, Al3Ti agglomerates were also observed by other researchers 

in similar experiments with GTA weld metal that was inoculated by a Al3Ti bearing grain 

refiner [Dvo90]. Consequently, it is unlikely that Al3Ti particles dissolved completely in the 

weld metal due to the very fast fusion and solidification of the weld metal (within few 

seconds). Moreover, some of these Al3Ti particles may have caused agglomeration through 

collision at high particle concentrations. 

The saturation of grain size at a certain grain refiner addition level (about 20 µm, recall Fig. 

5.1a) is known from grain refinement in both aluminium castings and welds [Max75, Dvo90, 

Mou99, Eas08]. In the case of Alloys 1050A and 5083, even a slight grain size increase 

was measured at Ti contents > 0.2 wt.-%. One explanation for saturation may be 

recalescence, i.e. the time period during solidification in which the heat evolved from grain 

growth counteracts the undercooling ΔTN necessary for activation of nucleant substrates 
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[Max75]. This is one reason why only at most 1% of potential particles finally become active 

and nucleate an aluminium grain [Eas08, Sch08]. 

6.1.2 Grain size distribution 

The observed grain refinement has led to an increase in the frequency density of the grain 

size distribution around the region / frequency class where the maximum grain size was 

measured, recall Fig. 5.4. This grain size distribution was found for Alloy 6082 to be log-

normal, suggesting that size and distribution of nucleating particles are log-normally 

distributed. Is it likely that Alloys 1050A and 5083 show a similar behaviour. The (positive) 

skew of the log-normal distribution in Fig. 5.4 can be explained with two effects: 

First, on the left side of the histograms the minimum grain size is limited by the minimum 

dendrite arm spacing that is about 10 µm at high cooling rates as in the GTA welds of this 

work [Fle74b]. This leads to a strong change of the relative frequency on the left side of the 

diagrams from zero to the maximum. At larger grain sizes (> 100 µm, right end of 

histograms) unrefined or not completely refined grains cause a moderate change of the 

relative frequency, especially if no grain refiner is added (maximum skew of 66, see Fig. 

5.4a).  

Furthermore, the diagrams in Fig. 5.4 and the micrographs from Fig. 5.2 indicate that grain 

size measurements depend upon the position in the weld metal’s cross-sectional area. To 

minimise this uncertainty, columnar grains were not considered and several measurements 

were made in each weld metal, recall section 4.3. In addition, the differences between semi-

automatic grain size measurements (which were used to determine the grain size 

distribution in Fig. 5.4) and the manual ones were found to be low varying from 1 µm to 

4 µm. 

6.1.3 Influence of torch speed on grain structure 

Fig. 5.5 shows that the weld pool shape changed with increasing torch speeds from circular 

to elliptical and finally to tear-drop shaped. This observation is of interest since aluminium 

weld pool surfaces are usually known for staying nearly circular in shape until very high 

travel speeds. 

The influence of torch speed and hence heat input on the weld metal grain structure (recall 

Fig. 5.7) was also observed in former studies on GTA welding [Ara76, Gan80, Kou88]. In 

this study, the heat input was high at low torch speeds, which caused high thermal 

gradients G, low solidification growth rates R and consequently a fully columnar grain 

structure, recall section 5.3. Thus, increasing torch speeds led to a strong decrease in both 

heat input and ratio G/R, which allowed a higher degree of constitutional undercooling to 

form during solidification [Til53]. This undercooling activated a higher amount of nucleant 

particles present [Bäc86], which is an important requirement for the formation of small, 

equiaxed grains [Win54], as reported elsewhere [Ara76]. 

As a consequence, the variation in torch speed led to significant changes of solidification 

parameters such as growth rate R, cooling rate dT/dt and thermal gradient G, recall section 
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5.3. These observations are discussed closer in section 6.3 where results from thermal 

analysis in weld metal are presented. 

6.1.4 Feather grains 

In some weld cross-sections of Alloy 5083 welds, feather grains were found in the upper 

and middle part of the weld metal, see Fig. 6.1a. They were not observed in Alloy 1050A 

and Alloy 6082, but in all Alloy 5083 welds, which had not been refined through Al Ti5B1 

additions. With increasing Ti/B content of the cast inserts (up to 0.1 wt.-% Ti) their size 

became smaller and finally these grains disappeared completely (> 0.1 wt.-% Ti). 

Each of the observed feather grains consists of twinned dendritic crystals in the form of thin, 

long and parallel lamellae, see Fig. 6.1b. They were found elsewhere in Alloy 2014 

[Kou85b], Alloy 5052 [Kou85a] and Alloy 7004 [Gan80] weld metal. Feather grains develop 

due to Twinned crystal growth (TCG) which is known particularly from aluminium castings 

[Bäc86, Hen97, Hen98a, Hen98b, Tur07]. Reasons for this growth behaviour may be high 

thermal gradients and/or cooling rates [Bäc86] and local convection currents [Hen04] in the 

solidifying metal. In this study, the thermal gradients and cooling rates in the welds were 

much higher than in common aluminium castings, recall section 5.3. The thermal conditions 

were, however, similar in all welds produced with constant torch speed and did not depend 

on the Ti/B addition level. 

 

Fig. 6.1 Feather grains in weld metal cross-section (a) and top-section (b) of GTA weld metal, Alloy 
5083, plate thickness 3 mm, heat input 471 J/mm 

Furthermore, the presence of certain alloying elements is believed to favour the formation of 

feather grains, changing material properties like the solid/liquid facial energy [Hen98a]. 

According to this study, Alloy 5083 is sensitive to twinned crystal growth. Once started to 

grow, feather grains overgrow the other grains, see Fig. 6.1b. As a result, feather grains 

accounted in some of these welds for about the half of the cross-sectional area of the weld 

metal, see Fig. 6.1a. Feather grain growth is harmful to the mechanical properties of the 

cast structure impairing considerably its deformability [Tur07]. It is known from castings that 

their appearance can be avoided through higher amounts of grain refining elements or, if 

added, through a higher efficiency of the grain refiner [Bäc86]. In this study, this approach 

was demonstrated for GTA weld metal; Ti concentrations in the weld metal of higher than 

0.1 wt.-% could prevent the formation of feather grains completely, recall Fig. 5.2e and f. 

This emphasises the need for weld metal grain refinement. 
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6.1.5 Texture formation 

In section 5.1.4, the formation of a crystallographic texture was mentioned for all Alloy 

1050A welds as well as for the coarse-grained Alloy 6082 welds, recall Fig. 5.2. A texture 

was confirmed with EBSD analysis for two Alloy 1050A welds, recall Fig. 5.9. It is of note 

that the frequency maximum in the corresponding pole figures (Fig. 5.9c and f) represents 

the predominant lattice orientation (texture). If one compares these results with both typical 

weld solidification behaviour (recall Fig. 2.9) and the position of regions A and B in the weld 

metal (recall Fig. 5.8), the following becomes clear: the crystallographic texture in regions A 

and B is equal to the local growth direction (= vector of solidification growth rate R) during 

solidification of each section. In other words: The observed texture is likely related to 

competitive growth during solidification, recall Fig. 2.6. Grains with favourable lattice 

orientation (yellow in Fig. 5.9a and blue in Fig. 5.9d) grow with minimum undercooling 

because their easy growth direction, <100> in aluminium FCC crystals [Cha64], was similar 

to the direction of the thermal gradient and hence to the maximum heat extraction [Kou03]. 

In contrast, grains with unfavourable lattice orientation grow at higher undercooling and 

become overgrown by the favourable oriented grains. This can be seen clearly in Fig. 5.9a 

and d. 

The texture was, however, also observed for very fine equiaxed grain structure in 1050A 

welds where one would generally expect completely random grain orientation ahead of the 

solid-liquid interface. One reason for this behaviour may be repeated epitaxial nucleation, 

which means that new grains nucleate on existing grains resulting in many grains with equal 

lattice orientations. This nucleation mechanism is usually observed at the fusion line (recall 

section 2.4.6) and competes with heterogeneous nucleation on particles present such as 

TiB2 or Al3Ti. It is of note that epitaxial nucleation needs much less undercooling than 

nucleation on particles. Since undercooling is provided particularly by alloying elements, 

one can conclude the following: for low alloy contents (Alloy 1050A), the ability to activate 

nucleating particles was very low and thus epitaxial nucleation was dominating. At higher 

alloy contents (Alloy 6082 and particularly 5083), the undercooling provided by the alloying 

elements was sufficiently high to activate particles present for heterogeneous nucleation. 

The above experimental results confirm this suggestion because the texture formation was 

most pronounced for Alloy 1050A and not present in Alloy 5083 welds, with Alloy 6082 in 

between. 

In addition, torch speed did not show any influence on the development of the observed 

crystallographic texture, even though torch speed variation came along with major changes 

in heat input and solidification conditions as shown in in section 5.3. Also, the weld pool 

shape changed significantly with increasing torch speed, recall Fig. 5.5. Instead, the 

chemical composition and the corresponding promotion of constitutional undercooling seem 

to be the key factors regarding the texture formation. Decreasing alloy content (from Alloy 

5083 to 6082 and to 1050A) and decreasing undercooling increased the tendency for 

epitaxial nucleation eventually resulting in a crystallographic texture. 

6.1.6 Influence of welding and casting parameters 

In order to highlight the grain refinement effect, the data points in Fig. 5.1a and Fig. 5.6 

were fitted with a curve that is the graph of the power function given in equation (4.3), which 
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fits the data well and is represented by the solid lines in Fig. 5.1a and Fig. 5.6. As one can 

see in Fig. 5.1a and Fig. 5.6, however, the data points in the two diagrams do not follow 

exactly the corresponding fit, which is emphasised by the error bars present. The reasons 

for these discrepancies have to be discussed and lie in both casting and welding process. 

First, the exposure time of the grain refiner in the aluminium melt during the cast insert 

production depended upon the amount of added grain refiner and could not be held 

constant in all cases. Thus, the longer contact time may have led to fading – the dissolution 

of particles such as the intermetallic phase Al3Ti into the melt. Finally, the lower amount of 

solidification nuclei may have resulted in an increase in grain size. Other influences are for 

example the loss in elements/particles caused by reactions of the melt with the surrounding 

atmosphere and the loss due to the necessary slag removal. However, welding with cast 

inserts made from different cast ingots – but with the same amount of added grain refiner – 

led to differences in mean grain size of only 1 µm to 2 µm. 

The GTA welding process also influences the grain size response. While the arc current 

was constant in all welds made with the same torch speed, the arc voltage varied slightly 

about ± 0.2 V, recall Table 4.3. The arc voltage depends upon the shape of the electrode tip 

that had to be sharpened frequently. The resulting differences in heat input may have led to 

slight changes in cooling rate that influences again undercooling, nucleation and the 

resulting grain size. Nevertheless, the cross-sectional area of the weld metal varied from 

21 mm² to 23 mm² indicating that there were only minor changes in heat input at a constant 

torch speed. On the other side, banding (linear solute-rich bands in the weld metal with very 

fine grain structure [Fle74a]) was observed in the weld metal. This is further evidence for 

pool fluctuations during welding and thermal conditions [Kou03] and cannot be avoided 

completely. 

Welding was done on the back side of the weld coupon (recall Fig. 4.2) to achieve a higher 

arc stability (the stability was low when welding on the top surface where fixing of the cast 

insert had caused a bumpy surface). No evidence was found that this welding procedure 

hindered the uniform distribution of the grain refiner in the weld metal. In contrast, WDS 

analysis revealed a uniform distribution of the grain refiner in both cast insert and weld 

metal. Furthermore, welds produced with constant weld parameters using cast inserts made 

from the same cast ingot led to low differences in mean grain size response of 2 µm to 

3 µm. In addition, there may be uncertainties in the chemical analysis of the titanium 

content of the weld metal. Despite the high accuracy of the ICP-OES method this may also 

be a reason for the differences between the data points and the corresponding fit in Fig. 

5.1a and Fig. 5.6. 

An additional and likely more important point that should be considered is the 

thermocouple: small but unavoidable fluctuations of both shape and vertical position of the 

thermocouple tip have likely caused a large part of the observed data scattering. Also, for 

purposes of simplicity, the liquidus and the solidus temperatures (recall Table 4.2) are taken 

as equilibrium values that may change with rapid solidification. Nevertheless, Fig. 5.15 to 

Fig. 5.20 offer order of magnitude values for solidification conditions such as cooling rate or 

thermal gradient at the solidification front. 
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6.2 Influence of alloy content and nucleant particles on grain 
structure 

As outlined in the background (recall section 2.4), both alloy content and nucleant particles 

play an important role in grain refinement of inoculated weld metal. The experiments have 

revealed for the three base alloys a very different grain size and shape response, recall 

section 6.1. Accordingly, both maximum grain size (no grain refiner additions) and grain 

refinement efficiency decreased with increasing alloy content. Commercial pure Al (Alloy 

1050A, approx. 0.4 wt.-% total alloy content, recall Table 4.1) showed a much higher grain 

size drop than Alloy 5083 (approx. 6.0 wt.-% total alloy content), with Alloy 6082 (approx. 

2.7 wt.-% total alloy content) in between, recall Fig. 5.3. This effect of the solute content of 

each alloy on the corresponding grain size response was presented by means of the 

undercooling parameters P and Q in section 5.2.1 and is further discussed in the following 

paragraphs. Also, the particles found in GTA weld metal and one possible nucleation 

mechanism are discussed in section 6.2.2. 

6.2.1 Undercooling parameters P and Q 

First, it should be noted that Table 2.2 clearly showed that titanium is by far the element that 

influences most the values of P and Q. The high values of mL and k for Ti come from the Al-

rich end of the binary (peritectic) system Al-Ti [Crt89] and make the titanium content of each 

alloy the most important control variable for P and Q. This is why solute Ti is believed to 

restrict grain growth [Max75] and provide constitutional undercooling [Eas99b], eventually 

promoting grain refinement. Furthermore, it is understood that the ki values taken from 

binary Al alloys and used for the calculation of P and Q, likely do not reflect exactly the 

values for multi-component alloys. This approximation was done for purposes of calculation 

and thus provides order of magnitude values for the influence of alloying elements on grain 

size. 

Nevertheless, Fig. 5.10a showed that Q predicts the trend in mean grain size of unrefined 

weld metal (no Al Ti5B1 additions / low Ti content), which decreased in the order: 1050A 

(112 µm), 6082 (69 µm) and 5083 (39 µm), from Fig. 5.1a. As demonstrated in Fig. 5.22a, 

torch speed variation showed only a step-wise effect on the mean weld metal grain size. 

Consequently, it appears that the main reason for the different grain size response to base 

metal composition is the solute content of each alloy [Eas05]. The greater the amount of 

alloying elements, the higher will be the undercooling and the number of activated particles 

resulting in grain size reduction [Bäc86]. 

The large difference between P of commercial pure aluminium (1050A) and P of the two 

other alloys, which have very similar P values independent from the Ti content, is 

considerable, recall Fig. 5.10a This trend is very similar to the tendency of each alloy for the 

transition from columnar to equiaxed grain growth (CET), recall Table 5.1. There, Alloys 

6082 and 5083 behave similarly and Alloy 1050A is very distinct. One may interpret from 

this similarity that P can be used for the prediction of the CET effect. Earlier work by 

Karantzalis et al. has shown that the CET may also be described by Q [Kar98]. Easton et 

al., however, argued that columnar growth can be avoided if the total constitutional 

undercooling (P from [Eas01b]) exceeds the undercooling needed for activation of 
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nucleating particles (ΔTN). This was the author’s explanation why in experiments with Al 

castings a certain amount of solute is usually required for the CET to occur [Eas01b]. This 

critical amount is reduced if efficient nucleant substrates with low ΔTN are added (e.g. in the 

form of Al Ti5B1 additions) [Eas01b]. Experimental data from Al castings [Eas99b] and the 

above results from weld metal grain refinement support the relationship between P and the 

CET effect. 

It is important to point out that solidification under the present welding conditions is 

restricted to a very short time period (< 1 s, recall Fig. 5.20) in comparison to Al castings. 

The very high cooling rates of the welds dictate that the constitutional undercooling needed 

for the activation of nucleant substrates has to be supplied rapidly at the initial part of the 

solidification of each new grain. This in turn emphasizes the importance of the initial rate of 

development of constitutional undercooling as represented by Q [Eas01b], recall section 

2.4.4. Hence, as per Easton et al. [Eas01b], it may be concluded for the given parameters 

of this study that Q is more appropriate for grain size prediction than P. Similar results were 

observed in grain refinement analysis in castings of Al wrought alloys where alloys with low 

Q (1050A, 3003 and 6060) showed a higher tendency for grain refinement than alloys with 

high Q (2014, 5083, 7075) [Eas05]. From this study, it appears that grain size prediction by 

means of Q can also be applied to aluminium weld metal. 

As an additional evaluation, the relationship between grain size and the reciprocal value of 

Q (i.e. 1/Q) should be discussed per equations (2.8) and (2.9) for a constant torch speed of 

4.2 mm/s. In this regard, it is important to emphasise that in this study, additions of Al 

Ti5B1grain refiner led to an increase in both nucleant particles (TiB2 and Al3Ti) and solute 

Ti. The addition of such a master alloy is common practice in both casting and filler wire 

industry, whereby Al Ti5B1 is most frequently used [Sch08]. Separate effects of either 

particles or solute Ti on grain size have not been studied here, but were examined for 

castings by Easton et al. [Eas05]. They made separate additions of TiB2 particles (in the 

form of an Al Ti3B1 master alloy) or of solute Ti (in the form of an Al Ti2 master alloy). 

These authors confirmed a linear dependency of grain size on 1/Q, recall equation (2.9) and 

Fig. 2.4. 

The relationship between d and 1/Q for this study is shown in Fig. 6.2 for no (Fig. 6.2a) and 

different (Fig. 6.2b) grain refiner additions. As mentioned above, the data represents 

additions of both nucleant particles and solute Ti; each single data point of Fig. 6.2 

characterises a particular combination of number of active particles and amount of solute Ti. 

For a better understanding, Fig. 6.2a and b can be divided into different ranges: 

1) Base metal composition (no Al Ti5B1 additions) 

The three data points that represent base metal composition (no Al Ti5B1 additions) are 

shown in Fig. 6.2a. According to Fig. 5.1a, they lie, dependent upon the alloy, at higher 

grain sizes than the other data points of the corresponding alloy (see Fig. 6.2b). 

2) First addition of small amounts of Al Ti5B1 grain refiner 

An addition of small amounts of Al Ti5B1 grain refiner led to a grain size decrease that 

depended strongly upon alloy composition, see the data points on the right end of each line 

in Fig. 6.2b. While commercial pure Al (1050A) showed a very high grain size reduction, 

Alloy 5083 showed almost no decrease (Alloy 6082 in between). It is of note that the 



6.2 Influence of alloy content and nucleant particles on grain structure 

67 

amount of added particles and solute Ti in this first addition step was similar for all three 

alloys. Interestingly, the grain size that was achieved by this first grain refiner addition was 

very similar for all three alloys (about 40 µm) despite very different 1/Q values of each alloy 

at these data points. This suggests that the addition of solute Ti might only play a minor role 

in this first grain size reduction. Furthermore, the grain refiner addition to 1050A weld metal 

was obviously much more effective than an addition to the other two alloys. 

3) Further additions of Al Ti5B1 grain refiner 

If further grain refiner is added, the grain size decrease is less pronounced. Interestingly, 

these data points for each alloy can be fit linearly quite well on the basis of Fig. 2.4 [Eas05], 

as demonstrated by the three lines in Fig. 6.2b. All data points were considered in each 

linear fit, which was calculated according to equation (2.9) (first part) by the method of least 

squares. 

Fig. 6.2 Weld metal mean grain size dependent upon 1/Q for no (a) and different (b) grain refiner 
additions. GTA welding, plate thickness 3 mm, torch speed 4.17 mm/s, mean heat input 
478 J/mm 
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Table 6.1 shows the linear parameters a (vertical axis intercept) and b1 (slope) of the lines 

from Fig. 6.2b. The most accurate linear fit could be achieved with Alloy 6082 where non-

linearity in the data is very low; data for the Alloys 1050A and 5083 reveal a higher data 

variation. Furthermore, the lowest grain size of Alloy 1050A was achieved at a much higher 

1/Q value (0.11 1/K) than for Alloy 6082 (0.04 1/K) and Alloy 5083 (0.03 1/K). A similar 

trend for the same alloys was observed in grain refinement experiments with aluminium 

castings [Eas08]. 

According to Fig. 2.4b, further Al Ti5B1 additions increase the number of particles, but not 

their potency. Hence, these grain refiner additions should result for each alloy in several 

parallel lines with different vertical axis intercepts, which though is not the case in Fig. 6.2b. 

One may conclude carefully that after the first addition, further Al Ti5B1 additions do not 

provide significant more active nucleant particles. This is supported by observations in Al 

castings, where additions of only TiB2 particles (no additional solute Ti) led first to a strong 

and then to a moderate grain size decrease [Eas05]. A further argument is that only a very 

small part of added particles (0.1% [Tro00] to 1.0% [Gre03, Sch08]) actually nucleate a 
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grain [Stj05], being controlled particularly by the particle size and size distribution [Bun98, 

Tro00, Sch03]. The free growth model [Bun98] suggests that the undercooling needed to 

activate particles present is inversely proportional to particle size, whereby particles with 

mean diameters ≥ 2 µm require a low undercooling ≤ 0.3 K. An investigation of the particle 

size distribution in commercial grain refiners revealed that a large part of the particles do 

not get activated because they are too small [Sch03]. Tronche et al. reported for an Al 

Ti5B1 grain refiner that at most 1% of the particles become active [Tro00]. For a constant 

axis intercept a and assuming that the fraction of active particles f is 1%, one can calculate 

with equation (2.9) the number density of active particles ρ, see Table 6.1. 

For comparison, lines were also put into Fig. 6.2a that connect the data points with the axis 

intercepts from Fig. 6.2b. It is of note that for each alloy the slope of these lines (b2) is much 

greater than the slope of the corresponding lines in Fig. 6.2b (b1), see Table 6.1. This 

emphasizes in accordance with Fig. 2.4a that even small grain refiner additions can 

increase the number of the nucleating particles considerably [Eas05]. Consequently, TiB2 

and Al3Ti particles are more potent than other particles that nucleate grains in untreated Al 

alloys. 

Table 6.1 Linear intercept a and slopes b1 (different Al Ti5B1 additions, Fig. 6.2b) and b2 (no Al Ti5B1 
additions, Fig. 6.2a) from lines in Fig. 6.2a and b 

Parameter 
Correspondin

g figure 
Alloy 1050A 

(Al 99.5) 
Alloy 6082 

(Al Si1MgMn) 
Alloy 5083 

(Al Si4.5Mn0.7) 

a in µm Fig. 6.2a and b 9 3 17 

b1 in µm·K Fig. 6.2b 77 393 332 

b2 in µm·K Fig. 6.2a 343 943 550 

ρ in 1/µm
3 

Fig. 6.2b 0.14 3.70 0.02 

 

4) Very high Al Ti5B1 addition levels 

At very high grain refiner addition levels and low 1/Q values (very left part of Fig. 6.2b), the 

data shows curvature and deviates from linearity to larger grain sizes. This reveals that the 

grain refiner effectiveness decreases at very high Ti/B contents and low 1/Q values, 

respectively. This may be explained with phenomena like recalescence or with the 

agglomeration of Al3Ti particles at high grain refiner addition levels, recall section 5.1.4. 

Thus, the number of Al3Ti particles capable of nucleating new grains did not necessarily 

increase at high grain refiner additions. Also, the number of small Al3Ti particles, capable of 

dissolving and increasing solute Ti for enhanced undercooling, also likely decreased. 

A further reason for the different grain size response of each alloy besides thermal 

parameters (see section 6.3) and solute content may be interactions of the elements Ti and 

B with alloying elements, particularly for Alloys 6082 and 5083. Poisoning by silicon, which 

can coat TiB2 nuclei making them inefficient, is unlikely because the Si content of the alloys 

was < 3 wt.-% [Bäc96]. Indeed, chemical reactions of B or Ti with alloying elements such as 

Mn, V or Cr [Eas01b] or poisoning due to chemical reactions of Ti with Zr [Slz10] may be 

one reason for the observed differences between the three alloys. If there were chemical 

reactions that consumed a part of the Ti and/or B present, commercial pure Al (1050A) with 

its very low solute content may have been affected less than the Alloys 6082 (medium 



6.3 Influence of thermal conditions on grain structure 

69 

alloying content) and 5083 (high alloying content). This is also apparent in Table 6.1, where 

the number density of active particles ρ is found to vary with alloy content. 

6.2.2 Particle size, distribution and composition 

The particles found by WDS analysis in Alloy 6082 weld metal (recall Fig. 5.11) were Al3Ti 

agglomerates, although the Ti content of this weld was below the Ti concentration above 

which Al3Ti may form (0.15 wt.-%) according to the equilibrium binary phase diagram of Al-

Ti [Crt89]. Al3Ti originates from the grain refiner and likely formed agglomerates at high 

grain refiner addition levels through collision upon entry to the weld pool. Al3Ti 

agglomerates were also observed in similar experiments with GTA weld metal that was 

inoculated by a Ti bearing grain refiner [Dvo90]. 

Besides titanium, boron plays a key role in the grain refinement efficiency of Al Ti5B1 grain 

refiners [Guz87, Slz10]. The observation from Fig. 5.12a (WDS of Ti/B rich particles) 

supports the duplex nucleation theory, recall equation (2.10), which suggests that TiB2 

particles are covered with an Al3Ti layer that again nucleates α-aluminium [Smc94, Moh95, 

Smc98]. Further evidence for this nucleation mechanism are the results from TEM analysis 

of 6082 weld metal, which revealed that 1) the found B rich particles are TiB2 and 2) one of 

these two TiB2 particles was covered by a thin Al3Ti layer, recall Fig. 5.12b and c. This 

suggests the B-rich particles from Fig. 5.12a (WDS results) also to be TiB2 particles that are 

surrounded by Al3Ti. 

These results are an important extension of former studies on aluminium GTA welding that 

revealed Ti-rich particles [Kou88] and Al3Ti particles [Yun89, Dvo90] in the centre of weld 

metal grains [Kou88]. Furthermore, this study showed, on the basis of WDS and TEM 

analysis, that both TiB2 [Cib49] and Al3Ti [Cly51] are likely important particles for nucleation 

of aluminium grains in GTA weld metal. Moreover, the results suggest the duplex nucleation 

theory as main nucleation mechanism in aluminium GTA weld metal that is refined with an 

Al Ti5B1 grain refiner. 

6.3 Influence of thermal conditions on grain structure 

The influence of the thermal conditions in GTA weld metal on the corresponding 

microstructure is discussed here in detail for Alloys 1050A and 6082. Therefore, the 

solidification parameters T, dT/dt, G, G/R and ΔtS are discussed and related to the observed 

grain size and shape. In a final step, an analytical model is applied to the welds of this study 

to predict critical conditions for the transition from columnar to equiaxed grain growth (CET). 

6.3.1 Solidification parameters 

Temperature T and cooling rate dT/dt 

Section 5.3 revealed that the thermal conditions along the solid-liquid interface of the weld 

pool vary strongly (from fusion line to weld centreline). Moreover, differences were 

observed for Alloys 1050A and 6082, which emphasises the influence of the alloy content. 

The differences in their cooling behaviour (cooling curves, recall Fig. 5.15) can be explained 

with their different thermal conductivities (recall Table 4.2): high for Alloy 1050A due to its 
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chemical purity and comparably low for Alloy 6082. Furthermore, the cooling rates in Fig. 

5.16 confirm the observation that high cooling rates (at weld centreline and at high torch 

speeds) generally result in finer grain structure [Fle74a, Mun85, Kou03]. This is in 

accordance with micrographs from section 5.1, where small, equiaxed grains formed 

particularly along the weld centre and at high torch speeds. 

Thermal gradient G 

The thermal data showed that increasing torch speeds and decreasing heat inputs reduce 

the thermal gradient GL significantly. This observation explains the results in section 5.1 and 

former studies [Ara74, Gan80, Kou88, Yun89, Dvo91], where equiaxed grains formed 

particularly at high torch speeds, low heat inputs and low thermal gradients, respectively. 

Furthermore, the comparison between the values for GL (Fig. 5.17) and GS (Fig. 5.18) 

shows clearly that the most important stage during solidification is the start at liquidus 

temperature, regarding grain growth and subsequent grain morphology. Here, the influence 

of torch speed / heat input on G is for Alloy 6082 significant (GL, Fig. 5.17b) and it becomes 

almost negligible at solidus temperature (GS, Fig. 5.18b). Due to its very low solidification 

range, commercial pure Al (Alloy 1050A) does not show this pronounced behaviour. 

Ratio G/R 

Finally, the calculation of GL/R (recall Fig. 5.19) disclosed that the dominant factor in the 

ratio G/R is the growth rate R and not the thermal gradient G. It was suggested that the 

quotient G/R is an indirect measure of the amount of constitutional undercooling ahead of 

the solidification front [Til56]. Low G/R values favour the transition from columnar to 

equiaxed grain growth [Win54]. Also, it was argued that the size of the constitutionally 

undercooled zone increases with decreasing G/R [Kat72, Ara74]. 

Therefore, it is of interest how G/R influences the grain size response. This relationship is 

shown in Fig. 6.3, based on thermal (G/R) and metallographic (grain size) data. If no grain 

refiner was added (low Ti/B content), the mean grain size was stepped: high torch speeds 

and low G/R values produced a lower mean grain size than low torch speeds and high G/R 

values. Furthermore, there appears to exist a critical G/R value that is needed to activate 

nucleating particles, somewhere between 22 Ks/mm² and 55 Ks/mm² (Alloy 1050A) and 

between 10 Ks/mm² and 20 Ks/mm² (Alloy 6082). Here, the grain size drops from a higher 

to a lower level, see Fig. 6.3. This drop was not observed in the case of grain refiner 

additions (high Ti/B content) where the mean grain size remained at a constant level 

around 20 µm (both alloys). The critical G/R rather lies somewhere above 60 Ks/mm² 

(outside of range, Fig. 6.3). 

The key to explain this different behaviour is in the type of nucleant particles present: in the 

case of no grain refiner additions, one can assume that nucleation occurs on inclusions or 

some other unknown particles. These particles, however, likely need a much higher critical 

undercooling to become activated (ΔTN) than particles such as TiB2 or Al3Ti that are present 

when grain refiner is added [Bäc86]. Hence, the addition of efficient nucleant particles 

results not only in a significant grain size decrease, but also in an increase in the critical G/R 

that is needed to activate the particles present. In other words, if no potent particles are 

present, the torch speed and the corresponding G/R influence the grain size considerably. 

This influence is reduced if efficient solidification nuclei are present. These observations 
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confirm Fig. 5.6, where grain size was almost constant at different torch speeds and 

constant grain refiner additions. 

Fig. 6.3 Weld metal mean grain size dependent upon G/R at weld centreline (y = 0). GTA welding, 
plate thickness 3 mm 
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At this point, it is important to note that, besides grain refiner additions, the alloy’s chemical 

composition is a key factor with regard to the columnar to equiaxed transition (CET). Critical 

conditions for the CET to occur are discussed closer in section 6.3.2. Furthermore, the 

micrographs in section 5.1 showed that the tendency for equiaxed growth increases 

strongly with increasing alloy content, due to the increasing supply of constitutional 

undercooling through solute partitioning during solidification [Rut53] that facilitates equiaxed 

grain growth [Win54]. One important parameter that reflects upon the chemical composition 

is the solidification time ΔtS, recall Fig. 5.20. As one expects, ΔtS was much higher in Alloy 

6082 welds than for commercial pure Al (Alloy 1050A) welds. This observation emphasises 

the need for sufficient time at the beginning of solidification to activate the particles present 

for nucleation. It was argued elsewhere that equiaxed grains have to grow to a sufficient 

size in order to block columnar grain growth [Hun84], which was demonstrated in this study 

e.g. by the micrographs from Fig. 5.7. 

A comparison of Fig. 5.20 with micrographs from the corresponding welds, however, 

reveals the following: above a minimum solidification time, the influence of ΔtS on grain 

morphology seems to get eclipsed by the strong influence of thermal parameters such as 

dT/dt, G and G/R. Accordingly, the grain morphology was predominantly equiaxed at high 

torch speeds and thus high dT/dt, low G/R and low ΔtS values. Nevertheless, a recent study 

on Al fusion welding revealed, at constant chemical composition, for laser beam (LB) welds 

a three times lower solidification time than for GTA weld metal [Aif12]. As a result, the mean 

weld metal grain size and the tendency for columnar grain growth was found to be generally 

higher in LB welds than in GTA welds [Aif12]. 
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6.3.2 Model for columnar to equiaxed transition (CET) 

The used temperature measurement technique revealed a variation in the thermal 

conditions along the solidification front, recall Fig. 2.9 and section 5.3. This in turn allows 

determination of critical solidification conditions for the columnar to equiaxed transition 

(CET); this was achieved by applying an existing analytical model that had been developed 

originally for slowly cooled castings, recall equation (2.14) [Hun84]. First, the critical angle 

αCET and the critical solidification rate RCET were determined with equations (4.5) and (2.13) 

for two (Alloy 1050A) and three (Alloy 6082) different torch speeds where the CET was 

observed, see Table 6.2. For this purpose, micrographs from weld top-sections as shown in 

Fig. 5.7 were analysed. Furthermore, the weld metal mean grain size, see line 3 in Table 

6.2, was determined from corresponding weld metal cross-sections. Note that the five 

analysed welds had the same Ti content, see line 2 in Table 6.2, to prevent variations in the 

grain refining elements titanium and boron from influencing the results. 

Then, the critical thermal gradient GCET was determined by comparing thermal data 

(gradient GL, see Fig. 5.17) with the corresponding micrographs (see e.g. Fig. 5.5). Also, 

the ratio GCET/RCET was calculated, see lines 6 and 7 in Table 6.2). Afterwards, these 

(experimentally determined) GCET values were compared with the analytical model that 

predicts GCET, recall equation (2.14) [Hun84]). The fact that GCET and ΔTC,CET depend on 

each other, recall equations (2.14) and (2.16), led to the following calculation procedure: the 

experimental GCET values were first used to calculate the corresponding critical undercooling 

ΔTC,CET with equation (2.14), see lines 8 to 10 in Table 6.2. The parameter ΔTN was taken 

from literature [Gro99] and N0 was calculated with equation (2.15). Afterwards, ΔTC,CET was 

calculated for comparison with equation (2.17), see lines 11 to 13 in Table 6.2. For this 

purpose, equation (2.16) was simplified to equation (2.17), which is a very good 

approximation for solidification in fusion welds: here, R is high and G is low [Bur74b, 

Hun84]. The parameters D [Bur74b] and A1 [Kur86, Gro99] were taken from literature. 

The two different ΔTC,CET values (line 10 and 13 in Table 6.2) were finally compared to each 

other. As a result, both calculations produced similar ΔTC,CET values, particularly for Alloy 

6082. This suggests on the one side that the thermal data in Fig. 5.15 to Fig. 5.20 and the 

experimentally determined GCET values (line 6 in Table 6.2) are realistic. Furthermore, the 

temperature measurement technique, recall Fig. 4.2 and Fig. 4.3, is appropriate to describe 

the thermal conditions of the fusion welds of this study with sufficient accuracy. On the other 

side, the results show that the analytical CET approach from equation (2.14), that was 

developed for slow cooling in castings [Hun84], can be applied to rapid solidification in Al 

welds. 

One possible reason for the different results from both calculation procedures regarding 

ΔTC,CET may be an overestimation of N0 that was approximated with equation (2.15). A more 

likely reason for differences lies, however, in parameter A1 in equation (2.17). A1 is a 

materials constant influenced by the chemical composition but was defined here for both 

Alloy 1050A and Alloy 6082 to be 2.0 s
1/2

K/mm
1/2

, a value taken from the literature [Kur86, 

Gro99]. It was argued that this is a typical value for many commercial aluminium alloys 

within the 2xxx, 6xxx and 7xxx series [Gro99]. However, A1 = 2.0 s
1/2

K/mm
1/2

 may not be 

appropriate for commercial pure Al (Alloy 1050A) as the results in Table 6.2 show. For this 

reason, a fitting calculation step was done to determine optimum A1* values that produce in 
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equation (2.17) ΔTC,CET* values that are equal to those calculated with equation (2.14). Line 

14 and 15 in Table 6.2 contain the obtained data, which indicates that the optimum A1 

values are A1* = 1.1 s
1/2

K/mm
1/2

 for Alloy 1050A and A1* = 1.7 s
1/2

K/mm
1/2

 for Alloy 6082. 

The low A1* value for Alloy 1050A can be related directly to its low solute content. 

Table 6.2 Critical parameters αCET, RCET, GCET and ΔTC,CET for the transition from columnar to equiaxed 
grain growth (CET) 

Parameter Unit Equation Alloy 1050A Alloy 6082 

1 Torch speed v mm/s - 8 10 6 8 10 

2 Ti content wt.-% - 0.02 0.02 0.02 0.02 0.02 

3 Grain size d µm - 33 28 52 55 57 

4 αCET ° (4.5) 37 45 0 23 45 

5 RCET mm/s (2.13) 6.4 7.0 6.0 7.3 7.1 

6 GCET K/mm - 53 50 53 52 47 

7 GCET/RCET Ks/mm² - 8.3 7.1 8.8 7.1 6.6 

8 ΔTN K - 1.0 

9 N0 1/mm³ (2.15) 27826 45554 7112 6011 5400 

10 ΔTC,CET K (2.14) 3.0 2.4 4.5 4.7 4.4 

11 D mm²/s - 0.003 

12 A1 s
1/2

K/mm
1/2

 - 2.0 

13 ΔTC,CET K (2.17) 5.1 5.3 4.9 5.4 5.3 

14 A1* s
1/2

K/mm
1/2

 - 1.2 0.9 1.8 1.7 1.7 

15 ΔTC,CET* K (2.17) 3.0 2.4 4.5 4.7 4.4 

After having determined the critical CET conditions (Table 6.2), the CET was modelled for 

both alloys in the R-G space, see Fig. 6.4. The data points in these two diagrams represent 

welds with predominantly columnar or equiaxed grain morphology, which were produced at 

different torch speeds and heat inputs and thus different G and R values. The two curves in 

each diagram are the graphs of equation (2.14), one of them calculated with a constant A1 = 

2.0 s
1/2

K/mm
1/2

 ( CET) and the other one with the adjusted A1* value ( CET*). In other 

words: each curve represents the critical thermal conditions (R and G) for the transition from 

columnar to equiaxed grain growth. 

One can see clearly in Fig. 6.4 that the CET* curve separates both equiaxed and columnar 

regions in the R-G space better than the CET curve, particularly for Alloy 1050A. We can 

summarise from Table 6.2 and Fig. 6.4 that equation (2.14) [Hun84] is appropriate to predict 

the CET for aluminium GTA weld metal when A1 is adjusted in equations (2.16) and (2.17) 

to suit the chemical composition, as demonstrated here. Interestingly, the adjusted CET* 

curves in Fig. 6.4 are very similar for both alloys. This emphasises how strongly the local 

solidification parameters G and R influence grain morphology reducing the influence of the 

chemical composition. Furthermore, the slope of the CET* curves in Fig. 6.4 can be used to 

predict critical G/R values. Accordingly, the reciprocal value of the slope in the vicinity of the 
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data points (approximately at GL = 50 to 60 K/mm) corresponds to the GCET/RCET values in 

Table 6.2, line 7, which are 6 to 9 Ks/mm². 

Fig. 6.4 Predominant microstructure in R-G space and columnar to equiaxed transition (CET), 
calculated with equations (2.14) and (2.17) using A1 (CET) and the adjusted A1* (CET*). 
CET and CET* are mean values for each alloy at a constant Ti content of 0.02 wt.-%. GTA 
welding, plate thickness 3 mm 
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It is of note that several former studies relate the predominant grain morphology in 

aluminium weld metal to welding parameters such as arc current, voltage, and welding 

speed [Ara74, Gan80, Yun89]. The temperature measurement technique and the analytical 

approach [Hun84] used in this study, however, permit the prediction of the critical 

solidification conditions for the CET. Moreover, Fig. 6.4 provides important information on 

the critical values for solidification rate R and thermal gradient G that are based on 

experimental data. Consequently, one can now predict the location of the CET in aluminium 

GTA welds from the comparison of thermal data (Fig. 5.15 to Fig. 5.20) with microstructural 

data (section 5.1). In turn, the critical welding parameters can be deduced from the critical 

solidification parameters in order to minimise or prevent unfavourable columnar grain 

structure in aluminium welds. Hence, the above results are an important extension of a 

former study on GTA welding of Al-Cu alloys, where the CET prediction was achieved by 

simulation and not, as in this study, by the comparison of micrographs with results from 

temperature measurements [Cla98]. 

6.4 Weldability 

Regarding weldability, which is for aluminium defined by the susceptibility to solidification 

cracking [Dvo91], one has to consider mechanical, thermal and metallurgical factors that 

influence the solidification cracking behaviour. With respect to the experiments of this study, 

it is important to note that welding was carried out without applying any external forces. 

Clamping of the weld coupon was made the same way in all welds to keep the mechanical 

influence as low as possible. The observation that increasing torch speeds and decreasing 

heat inputs reduced the tendency for solidification cracking can be explained with the weld 

metal volume: increasing torch speeds usually reduce the weld size and the tensile strains 

that may cause solidification cracking [Bec02]. 
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In fact, the results have shown that in this study the metallurgical reasons are mainly 

responsible for the enhancement in weldability. Use of grain refinement avoided the 

formation of centreline solidification cracks, recall Fig. 5.2c and d, Fig. 5.7 and Fig. 5.21. 

The direct relationship between weld metal mean grain size and susceptibility to 

solidification cracking was confirmed with a high reproducibility. The same tendency has 

been observed by other authors in weldability tests of aluminium GTA welds [Dvo90, 

Mou99]. One explanation suggests that the tensile strains owing to shrinkage (during 

solidification) are distributed between more grain boundaries [Spi83]. In this study, the weld 

bead width was comparably high for GTA welding (about 9 mm at the top surface), which 

emphasises this influence. Furthermore, in fully equiaxed grain structure, the crack path is 

more tortuous than along columnar grains. Columnar grain structure may have a negative 

influence on susceptibility to solidification cracking [Kou03] and should be avoided if 

possible, which was achieved in this study, recall Fig. 5.7. 

One further important metallurgical factor that influences the weldability is the chemical 

composition of the interdendritic phases. These phases were investigated closer for Alloy 

6082 welds, recall Fig. 5.23. In this regard, it should be noted that the chemical composition 

of the base metal influences strongly its susceptibility to hot cracking. Alloy 6082 (Al 

Si1MgMn) has a higher susceptibility to solidification cracking than other Al-Mg-Si alloys, 

which is known from ring casting tests for a wide range of Al-Mg-Si alloys [Jen48]. Reasons 

are the Mg (0.75 wt.-%) and Si (0.86 wt.-%) concentration of the alloy that influence the 

composition of the interdendritic phases and that explain the high susceptibility [Mat02]. 

In addition, the distribution of the interdendritic liquid influences strongly the tendency for 

solidification cracking, taking into account that solidification cracking usually results from a 

tearing of the interdendritic, liquid film of the remaining melt. Therefore, the relationship 

between weld metal mean grain size and the appearance of the interdendritic phases was 

investigated, recall Fig. 5.24. As a result, there might be an indirect influence of grain size 

on shape and distribution of the interdendritic phases, particularly as grain size approaches 

the dendrite spacing: in the case of large grains (Fig. 5.24a) the phases are thin and linear, 

forming a semi-continuous network. Grain refinement with Al Ti5B1 led to a coarsening of 

these phases and a break-up of the network, see Fig. 5.24c. 

To explain this observation, one should consider that lower solute contents than the critical 

one will cause only small volumes of eutectic at the grain boundaries reducing the crack 

sensitivity. On the other side, higher amounts of solute elements lead to a higher amount of 

eutectic at the grain boundaries [Kur86]. This improves back-filling of cavities or cracks 

enhancing again the weldability [Mat02]. The last approach is usually used in arc welding 

when choosing e.g. a filler wire with high silicon content [Cro90]. Finally, it can be 

concluded that different amounts of added grain refiner caused differences in the chemical 

composition of the weld metal. This may have led to differences in size and distribution of 

the intermetallic phases, which again influences the tendency for solidification cracking. 
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6.5 Mechanical properties 

Mechanical tests have shown that weld metal grain refinement can increase both ductility 

and toughness of the weld metal. These effects plus the effect of grain size on weld 

strength and hardness are discussed in the following sections. 

6.5.1 Hardness 

The different hardness of base and weld metal, recall Fig. 5.25a, can be explained with the 

different main strengthening mechanisms of both alloys: Alloy 5083 H111 has a low degree 

of cold work, but a high ability to solid solution strengthen (particularly because of its high 

Mg and Mn content), which is present in both base and weld metal. For Alloy 1050A H14, 

strain hardening is the most important strengthening mechanism, which gets lost during 

welding and is thus not present in the weld metal or HAZ. In addition, the hardness of weld 

metal and HAZ was observed to be similar for each alloy. Hence, according to Table 5.2, 

the different grain size of HAZ (31 µm, recall Table 5.2) and weld metal (18 µm, see Fig. 

5.25a) for Alloy 1050A welds did not affect the corresponding hardness. 

Fig. 5.25b revealed that the weld metal grain size has no significant effect on hardness. 

Just one former study had reported a small hardness increase with decreasing grain size in 

GTA weld metal of the precipitation hardened Al Alloy 7020 [Ram03]. 

Furthermore, it should be mentioned that the load in the hardness tests produced hardness 

marks of sufficient size (diameter about 100 µm) to allow a comparison between hardness 

measurements in welds with coarse grain size (mean grain size e.g. 100 µm) and fine grain 

size (mean grain size e.g. 16 µm). 

6.5.2 Strength and ductility 

The tensile test results for Alloy 5083, recall Fig. 5.26, support the suggestion that grain 

size strengthening is comparably low in Al alloys [Llo80, Emb89, Emb96]. Furthermore, 

both Fig. 5.26a and b confirm former studies about grain-refined GTA welds that reported 

for 2xxx and 7xxx Al alloys only little influence of grain size on strength and yield strength 

and a pronounced effect on deformability [Ram03, Dev07, Ses08]. A further reason for the 

improvement in ductility (see Fig. 5.26b) may be the prevention of large feather grains that 

were found in coarse-grained but not in fine-grained 5083 weld metal, recall section 6.1.4. 

Such twinned crystals are often observed in 5083 cast structure [Bäc86], where they can 

impair the mechanical properties [Tur07]. 

Both strain values (Ag and A) were much lower in the weld metal than in the base metal, 

recall Fig. 5.26b. This observation cannot be explained with changes in cold work or grain 

size during welding. Instead, the ductility drop was probably caused by changes in size and 

shape of the intermetallic phases that reduced toughness and are discussed in section 

6.5.3. 

The large error bars (particularly in Fig. 5.26b) are likely due to inhomogeneities of the weld 

metal such as pores, segregations and variation in local grain size (recall error bars in Fig. 

5.1a) that cannot be avoided in the fusion welding process. Accordingly, the deformation 

measurement with the optical Aramis™ system revealed for most tensile specimens local 
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peaks of plastic deformation in the weld metal. These weak points had low strength, which 

resulted eventually in an early failure of the whole specimen. Also, this observation is a 

further explanation for the ductility drop in Fig. 5.26b. Nevertheless, Fig. 5.26b clearly 

shows a positive influence of grain refinement on ductility of Alloy 5083 welds. 

For some tensile specimens, comparative deformation measurements were made with a 

clip gage (gage length 25 mm). The results revealed very small differences between both 

methods (clip gage and optical system Aramis™); the difference in strain was only up to 

0.3%, which is equivalent to a relative error of 2%. 

Both clip and Aramis™ were also used for Alloy 1050A in tensile tests with base metal and 

weld metal specimens. As a result, the mean values for 1050A base metal were 108 MPa 

(Rp0.2), 122 MPa (Rm) and 13% (A), determined with the clip gage. These values are due to 

the degree of cold work (½ hard) of the 1050A plates. In contrast to Alloy 5083, all of the 

welded 1050A tensile specimens failed in the HAZ (90° to the direction of loading) where 

plastic deformation was the highest. The reason for this mode of failure is the 

recrystallisation of the HAZ during welding [Mat02] that resulted in a loss in cold work and in 

an increase in grain size (recall Table 5.2). Thus, the weakest part of the 1050A welds was 

the HAZ – even though the hardness measurements (recall Fig. 5.25) did not indicate this 

clearly. Consequently, no strength and strain parameters were determined for Alloy 1050A 

weld metal. The results from tensile tests point out that the primary hardening mechanism in 

Alloy 1050A is strain hardening, whereas for Alloy 5083 it is solid solution strengthening. 

6.5.3 Toughness 

The large difference between base and weld metal toughness (UIE, recall Fig. 5.28) for 

Alloy 1050A was also reported for hardness measurements and tensile tests with Alloy 

1050A specimens, recall sections 5.5.1 and 5.5.2. The discrepancy was probably due to the 

complete loss in cold work and strength during GTA welding. The resulting UIE reduction 

from base metal to weld metal composition was, however, only slightly pronounced for Alloy 

5083, see Fig. 5.28b. This can be explained with the very low degree of cold work of the 

5083 base metal plates (less than ⅛ hard) in comparison to the cold worked 1050A base 

metal (½ hard). With respect to the base metal, Alloy 1050A showed a higher resistance to 

crack initiation (64 N/mm) than Alloy 5083 (53 N/mm), which does not reflect the different 

transverse proof strengths of both alloys (Alloy 1050A: 108 MPa, Alloy 5083: 143 MPa). 

Furthermore, grain refinement increased the UIE values of the weld metal strongly for Alloy 

1050A, whereas this effect was negligible for Alloy 5083. To explain this, one should recall 

that the reduction of the mean grain size was much more pronounced in 1050A weld metal 

(- 86%) than in 5083 weld metal (- 44%), recall Fig. 5.3. The notch radius as an important 

influencing factor regarding crack initiation was measured for each specimen before testing 

and was found to vary between 0.05 and 0.15 mm for all specimens of both alloys. A 

systematic influence of the notch radius on UIE, however, was not found. 

The UPE values were found to be much higher in Alloy 5083 base metal than in Alloy 

1050A base metal, recall Fig. 5.29. This appears reasonable since proof strength and 

tensile strength of Alloy 5083 are generally higher than for Alloy 1050A, recall section 6.5.2. 
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Moreover, the UPE values (Fig. 5.29) are clearly higher than the corresponding UIE values 

(Fig. 5.28), which is usually the case for Al alloys [Kau01, Shi07, Pok11]. 

Moreover, tear tests revealed a different influence of grain refiner additions on the 

toughness of both alloys, recall the UIE and UPE values in Fig. 5.28 and Fig. 5.29. One can 

conclude from these results that grain size hardening is the most important strengthening 

mechanism for Alloy 1050A. For Alloy 5083, however, this mechanism is negligible 

compared to solid solution hardening by Mg. It was argued elsewhere [Hor93] that grain 

refinement may decrease fracture toughness in some cases since fine grains reduce the 

crack tortuosity and the energy needed to propagate a crack. Nevertheless, fine grains 

often give a higher toughness [Kau01], as shown e.g. in a study with Al cast alloy Al Si7Mg 

[Zhu04]. 

It is important to note that the displacement at the moment of crack initiation (si, recall Fig. 

4.7) had a high influence on both UIE and UPE values: the determination of si according to 

the standard [Ast01] assumes the crack to initiate generally at maximum load, which was 

not the case in this study, particularly for Alloy 1050A. Comparing both calculation methods, 

the difference in UIE and UPE was calculated to be up to 64%. This emphasises the need 

for determination of the actual si values as shown in this study, which was also done 

elsewhere [Shi07]. 

The crack propagated in all specimens perpendicular to the direction of loading – within an 

envelope of ± 20°, most often even within ± 10° (apart from two specimens for Alloy 5083). 

No buckling was observed and in welded specimens, the crack did not leave the weld 

metal. The specimens made from Alloy 1050A were deformed plastically more than for 

Alloy 5083, which supports the differences regarding UIE an UPE between both alloys, 

recall Fig. 5.28 and Fig. 5.29. The fracture toughness can decrease through grain 

refinement if the fracture changes from transgranular to intergranular [Sta03]. Metallography 

and SEM analysis, however, revealed that crack propagation was transgranular in all tear 

specimens of this study (for both alloys and for welded and base metal specimens), recall 

Fig. 5.30. These results suggest that the grain boundaries have likely played a minor role in 

the resistance to crack propagation. Instead, it appears that the chemical composition and 

the corresponding microstructure have played a main role in the different toughness 

response of both alloys as suggested elsewhere [Sta76, Tir03]. 

Furthermore, Fig. 5.31 showed that the change in microstructure from base to weld metal 

was much more pronounced for Alloy 5083 than for Alloy 1050A due to the higher alloy 

content of Alloy 5083. Hence, the network of intermetallic phases provides a path for crack 

propagation along these phases particularly in Alloy 5083 weld metal. Furthermore, size 

and shape of the intermetallic phases have probably caused the strong ductility drop from 

Alloy 5083 base metal to weld metal (tensile tests, recall Fig. 5.26b). These observations 

are consistent with the influence of the microstructure on the weldability for Alloy 6082, 

recall sections 5.4 and 6.4. 

Besides size and distribution, the chemical composition of the intermetallic phases is an 

important control variable regarding toughness. For instance, large amounts of impurity 

elements such as Fe and Si can provide sites for crack initiation and propagation in 2xxx 

and 7xxx alloys [Sta76]. Therefore, the intermetallic phases were analysed chemically by 

WDS whereby, among others, large Mg2Si particles were found in 5083 base metal, recall 
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Fig. 5.31b. Particularly Mg2Si is known to have a deleterious effect on fracture resistance 

and ductility [Mon76] (which may also explain the large difference in ductility between base 

and weld metal for Alloy 5083, recall Fig. 5.26). This suggests for Alloy 5083 that the weld 

metal toughness was lower than in the base metal owing to crack propagation along brittle 

intermetallic phases with unfavourable size and distribution. 

Moreover, Al3Ti agglomerates that exist at high grain refiner addition levels, recall section 

5.2.2, may have negative influence on toughness. Indeed, Al3Ti was present in weld metal 

of both alloys; this means that a resulting decrease in toughness should have been 

observed in both fine-grained 1050A and 5083 weld metal, which was not the case in this 

study. 

With respect to Table 5.3, the quotient of tear strength and proof strength is understood as 

a measure of notch toughness [Ast01, Kau01]. The higher this ratio, the higher is the plastic 

deformation at fracture [Kau01]. In this study, the ratio was considerably higher for Alloy 

5083 (2.6 to 2.8) than for Alloy 1050A (1.6), see the last row of Table 5.3. Most Al alloys 

have tear strength / proof strength ratios below 2.0, dependent upon temper [Unp99, 

Kau01, Unp12]. This emphasises the attractive combination of high notch toughness, 

strength and ductility for 5xxx alloys such as Alloy 5083 [Kau01], which are therefore a 

suitable construction material for many welded components that contain stress-raisers such 

as notches. 

6.6 Loss in titanium 

Fig. 5.32 disclosed for Alloy 6082 that the titanium burn-off was about 50%, independent 

upon torch speed and the grain refiner content in the cast inserts. Consequently, the loss in 

Ti owing to evaporation, which is known from other metals [Blo84, Kim90, Kou03], seems to 

be a serious issue in GTA welding, even if cast inserts are used instead of filler rods or 

wires. 

6.7 Application of results 

As outlined above, one main goal of this thesis was to produce results with a high 

applicability. The following two sections discuss how the results can be used to adjust both 

filler wire chemical composition and welding process in order to allow optimum weld metal 

grain refinement. 

6.7.1 Recommendations for filler materials 

Fig. 5.1a and Fig. 5.3b revealed 1) the saturation of grain size above a certain minimum 

Ti/B content and 2) a strong influence of the alloy content on this “optimum” Ti/B content. 

According to Fig. 5.3b, the optimum Ti contents are 0.04 wt.-% (Alloy 1050A), 0.07 wt.-% 

(Alloy 6082) and 0.15 wt.-% (Alloy 5083) for a constant torch speed of 4.17 mm/s. Applying 

this knowledge to the composition of commercial welding electrodes (filler wires or rods), 

two influences have to be taken into account: the filler dilution and the element loss by 

means of burn-off. 
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Influence of filler dilution 

As outlined in section 4.2, the filler material is usually added in the form of a rod or a wire to 

adjust the weld metal chemical composition (to increase e.g. the weldability) and to fill the 

gap between the components that are joined. In this thesis, the filler material consisted of 

cast inserts that were deposited in the base metal in order to vary the weld metal grain 

refiner content. This procedure led however to a very low filler dilution (about 12%) 

compared to the use of commercial filler wires (between 80% and 95%), recall Fig. 4.4. As 

a consequence, the Ti/B contents were measured to be much higher in the cast inserts than 

in the weld metal after welding. Nevertheless, equation (4.2) allows the application of the 

results of this study, particularly the optimum Ti contents (recall Fig. 5.3b), on typical GTA 

and GMA welding processes that use a filler wire. 

Influence of element loss due to burn-off 

Besides the filler dilution, the data from Fig. 5.32, which reveals a loss in about 50% of the 

total titanium content due to burn-off, is considered in the below calculations. 

Prediction of Ti/B content for filler materials 

Taking both filler dilution and burn-off into account, it is possible to predict grain refiner 

contents for commercial filler wires. Table 6.3 summarises both effects and gives the 

resulting Ti contents that should be realised in commercial filler wires in order to allow 

optimum weld metal grain refinement. Therefore, the optimum weld metal Ti contents from 

Fig. 5.3b were used together with equation (4.2) and typical values for filler dilutions 

[Fah06]. The optimum filler wire Ti contents were calculated for three cases: the use of cast 

inserts in GTA welding (as accomplished in this study) and the use of a filler wire for GTA 

and GMA welding. For purposes of simplicity, it was assumed that the Ti burn-off is about 

50%, recall Fig. 5.32, and independent upon base metal, welding process and filler 

material. The recommended boron contents correspond, as in the whole thesis, to 1/5 of 

the Ti contents owing to the use of an Al Ti5B1 grain refiner. 

Table 6.3 Predicted filler material Ti contents for minimum grain size dependent upon welding 
process, filler material, filler dilution [Fah06] and alloy 

Welding process GTA GTA GMA 

Filler material Cast insert Filler wire Filler wire 

Filler dilution 12% 90% 80% 

Estimated loss in titanium 50% 

Filler material 
Ti content 
in wt.-% 

Alloy 1050A 0.52 0.09 0.10 

Alloy 6082 0.73 0.15 0.16 

Alloy 5083 2.06 0.33 0.36 

As a result, the chemical composition plays, once again, an important role. Table 6.3 shows 

that welding of low-alloyed aluminium alloys (e.g. Alloy 1050A) needs lower Ti/B contents 

than for higher-alloyed alloys such as Alloy 5083. It is of note that Table 6.3 is based 

partially on estimations and assumptions. Nevertheless, the obtained data points out clearly 

that the titanium contents that are defined by the corresponding standards for filler wires 



6.7 Application of results 

81 

(recall section 2.3.3) are not sufficient. Thus, on the basis of this study and particularly 

Table 6.3, more precise recommendations regarding the chemical composition of filler 

materials can be developed for the existing standards. 

6.7.2 Welding parameters 

The above results on weld metal grain refinement have shown that the solidification 

conditions influence grain size and shape response strongly. Columnar grains can impair 

the weldability of the base metal and the mechanical properties of the weld. The growth of 

small, equiaxed grains instead of large, columnar grains can be improved through several 

approaches: 

 High torch speed and low heat input 

 Addition of a grain refiner 

 Use of base metals with sufficiently high alloy content, particularly with elements 

that have a high tendency for partitioning such as Ti, Zr or V 

Furthermore, the transition from columnar to equiaxed grain growth (CET) was modelled 

analytically, recall Fig. 6.4. This approach has revealed the critical conditions in the R-G 

space, for which columnar growth can be avoided. Therefore, the welder should adapt the 

welding parameters carefully in order to allow solidification conditions that comply with the 

predictions from Fig. 6.4. 
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7 Summary and conclusions 

In this thesis, grain refinement was achieved in aluminium welds through the addition of 

commercial grain refiner to the weld metal. For this purpose, a casting process was used to 

produce inserts consisting of aluminium base metal and controlled additions of commercial 

grain refiner Al Ti5B1. These inserts were deposited in base metal plates (thickness 3 mm) 

and fused in a GTA (gas tungsten arc) welding process. A mixture of 50% argon and 50% 

helium was used as shielding gas and the polarity was AC (alternating current) with 

currents at about 180 A and voltages at about 11 V. The base metals were the aluminium 

alloys 1050A (Al 99.5, commercial pure Al), 6082 (Al Si1MgMn) and 5083 (Al Mg4.5Mn0.7) 

and the torch speed was varied from 2 mm/s to 11.5 mm/s. 

To investigate the thermal conditions at the trailing edge of the weld pool, temperature 

measurements were accomplished with type K thermocouples (wire diameter 0.13 mm) by 

applying a drill hole method: Both wires of each thermocouple were insulated with a 

ceramic insulator that was placed from below into a drill hole whose depth (1.5 mm) allowed 

temperature measurements in the middle of each weld (mid-depth). The horizontal position 

of drill hole and thermocouple was varied to determine the thermal conditions between weld 

centreline and fusion line. 

An intensive metallographic examination revealed the weld microstructure. Therefore, 

samples were prepared from welds to achieve cross-sectional and top-sectional views of 

the weld metal. These samples were ground, polished, etched anodically and investigated 

with a microscope using polarised light and magnifications up to 1000 fold. On many of 

these samples, grain size measurements were carried out with a circular intercept 

procedure according to the standard. Also, electron probe micro analysis (EPMA) involving 

WDS, SEM, TEM and EBSD were made to study chemical composition, size and 

distribution of particles or the appearance of fracture surfaces. 

Furthermore, mechanical tests were arranged to investigate the influence of the weld metal 

microstructure on the weld mechanical properties. These experiments included hardness 

measurements, tensile tests (to determine stress and strain parameters like tensile strength 

and fracture strain) and tear tests with notched specimens. The latter tests showed how the 

microstructure affects the material’s susceptibility to initiation and propagation of cracks. In 

summary, the following findings were obtained: 

Grain size and shape response 

Increasing additions of commercial Al Ti5B1 grain refiner to the weld metal led to the 

following observations: 

 Significant decrease in weld metal mean grain size in the order 1050A (-86%), 

6082 (-69%) and 5083 (-44%) 
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 Highest grain refining efficiency in the order 1050A (mean grain size 16 µm at weld 

metal Ti content of 0.04 wt.-%), 6082 (21 µm at 0.07 wt.-% Ti) and 5083 (22 µm at 

0.15 wt.-% Ti) 

 Log-normal grain size distribution of each weld with dependence of frequency 

density and skew on mean grain size 

Increased torch speeds (from 2 mm/s to 11.5 mm/s) showed the following: 

 Change of the weld pool shape from slightly elliptical to tear-drop shaped 

 Influence on grain size only at very low grain refiner addition levels (about 0.03 wt.-

% Ti) resulting in a slightly decreasing grain size with increasing torch speed 

 Transition from predominantly columnar to predominantly equiaxed grain growth 

 Increasing tendency for equiaxed grain morphology with increasing alloy content 

Furthermore, the formation of feather grains in the weld metal that may be harmful to its 

mechanical properties was observed for Alloy 5083 welds and could be avoided completely 

through grain refinement. 

A crystallographic texture was observed in some welds, which was suggested to be caused 

by repeated epitaxial nucleation during the solidification of the weld pool. The tendency for 

the formation of such a texture did not depend on the welding conditions but decreased 

strongly with increasing alloy content and grain refiner additions. As a result, the following 

heterogeneous nucleation mechanisms are proposed: 

 For alloys with low alloy content: predominantly repeated epitaxial nucleation on 

existing grains 

 For alloys with high alloy content and/or high grain refiner content: nucleation on Ti 

bearing particles 

Influence of alloy content and nucleant particles 

The influence of solute elements (particularly Ti) and nucleant particles (TiB2 and Al3Ti) on 

grain size was analysed by means of the undercooling parameter P and the growth 

restriction factor Q. A comparison of three aluminium alloys showed for the given welding / 

solidification parameters that 

 Q may be used to predict the weld metal mean grain size 

 P may be used to predict the transition from columnar to equiaxed grain growth 

(CET) 

 1/Q may be used to analyse the grain refiner effectiveness and the influence of 

nucleant particles and solute content on grain size response 

WDS and TEM analysis disclosed in Alloy 6082 weld metal TiB2 particles that were likely 

surrounded by Al3Ti. These results suggest the duplex nucleation theory for nucleation of 

aluminium grains in GTA weld metal that is refined with an Al Ti5B1 grain refiner. 
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Influence of thermal conditions 

For Alloys 1050A and 6082, an extensive thermal analysis was accomplished to reveal the 

thermal conditions along the solidification front. In comparison to the weld centreline, 

temperature measurements next to the fusion line, disclosed: 

 Lower solidification growth rates (R) 

 Lower cooling rates (dT/dt) 

 Slightly higher thermal gradients (G) 

 A higher solidification time (ΔtS) 

Increasing torch speeds from 2 mm/s to 11.5 mm/s generally decreased the heat input by 

up to 80% and resulted in a strong increase in dT/dt and a strong reduction of G, G/R and 

ΔtS. The resulting influences on grain size response were found to be 

 Small when no Al Ti5B1 was added (base metal composition) in the form of a drop 

in grain size at a critical G/R when torch speed increases and G/R decreases 

 Negligible when Al Ti5B1 was added 

The obtained thermal data was used together with data of the corresponding grain 

morphology to model the columnar to equiaxed transition (CET). Therefore, an analytical 

approach for solidification of castings was further developed for aluminium GTA welding. 

This model now allows the prediction of critical R and G values, at which the CET occurs in 

aluminium welds. As a result, critical welding parameters can be deduced from this model in 

order to reduce or prevent the formation of large, columnar weld metal grains that can be 

harmful to the alloy’s weldability and the weld’s mechanical properties. 

Effect on weldability 

In Alloy 6082 welds, centreline solidification cracks were observed revealing the following: 

 Crack formation at grain sizes above 25 µm and titanium contents below 

0.05 wt.%, respectively 

 No formation of such cracks at lower grain sizes / higher Ti contents disclosing a 

clear tendency for improved weldability with grain refinement 

The lower susceptibility to solidification cracking was explained by size and distribution of 

the interdendritic phases. Accordingly, the interdendritic network was found to break up with 

increasing grain refiner addition levels impeding crack propagation. 

Effects on mechanical properties 

Hardness, tensile and tear tests with base metal specimens and welded specimens with 

different weld metal mean grain size revealed the following: 

 Independence of mean grain size on hardness for weld metal of both alloys 
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 Increase in ductility for Alloy 5083 weld metal through grain refinement 

 Clear increase (Alloy 1050A) and slight decrease (Alloy 5083) in weld metal 

toughness through grain refinement 

It was concluded that the high strength, ductility and toughness of Alloy 5083 was impaired 

by welding due to unfavourable size, distribution and chemical composition of the 

intermetallic phases in the weld metal. Commercial pure Al (Alloy 1050A) showed a strong 

response on grain refiner additions and a significant increase in toughness because of its 

low alloy content and hence its low volume fraction of intermetallic phases. 

Recommendations for filler materials 

In existing standards, the chemical composition of commercial welding electrodes (in the 

form of rods or wires) for aluminium GTA and GMA welding is defined only roughly. This 

concerns particularly the content of grain refining elements such as titanium and boron. On 

the basis of the above experiments, a simple calculation predicts the Ti/B contents needed 

to achieve a minimum weld metal mean grain size. Accordingly, the necessary Ti/B 

concentrations strongly increase with increasing alloying content. Furthermore, these 

results show that the Ti/B contents defined by the corresponding standards are too low to 

allow efficient weld metal grain refinement. 
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Nomenclature 

Abbreviations 

Abbreviation Meaning 

AC Alternative current 

BM Base metal 

BTR Brittle temperature range 

CET Columnar to equiaxed transition 

DCEN Direct current electrode negative 

EBSD Electron backscatter diffraction 

EPMA Electron probe micro analysis 

FCC Face-centred cubic crystal 

FM Filler material 

GMAW Gas metal arc welding 

GRF Growth restriction factor 

GTAW Gas tungsten arc welding 

HAZ Heat affected zone 

ICP-OES Inductively coupled plasma optical emission spectrometry 

LBW Laser beam welding 

NDT Non-destructive testing 

RDG Rappaz-Drezet-Gremaud criterion 

SEM Scanning electron microscopy 

TCG Twinned crystal growth 

TEM Transmission electron microscopy 

UIE Unit crack initiation energy 

UPE Unit crack propagation energy 

WDS Wavelength dispersive x-ray spectroscopy 

WM Weld metal 



Nomenclature 

87 

Symbols 

Latin characters 

Symbol Dimension Meaning 

a µm Nucleant density 

A % Elongation after fracture 

A1, A1* s
1/2

K/mm
1/2

 Materials constants 

Ag % Plastic extension at maximum force 

ABM mm² Weld area fraction of fused base metal (cross-sectional) 

AFM mm² Weld area fraction of fused filler material (cross-sectional) 

b, b1, b2 µm·K Nucleant potency 

bm µm Materials constant 

c - Capability of grain size hardening 

c1, c2 - Grain growth direction parameters 

cBM wt.-% Concentration of an alloying element in base metal 

cFM wt.-% Concentration of an alloying element in filler material 

cWM wt.-% Concentration of an alloying element in weld metal 

C0 wt.-% Chemical composition (nominally) 

CL wt.-% Solute content of liquid phase 

CS wt.-% Solute content of solid phase 

d µm Grain size 

D mm²/s Liquid diffusion coefficient 

dT/dt K/s Cooling rate 

f - Fraction of active particles 

fS - Fraction solid 

F N Tensile force 

Fi N Tensile force at crack initiation 

Fmax N Maximum tensile force 

G K/mm Thermal gradient (local) 

GL K/mm Thermal gradient at liquidus temperature 

GS K/mm Thermal gradient at solidus temperature 

GCET K/mm Critical thermal gradient for CET 
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H J/mm Heat input per unit length 

I A Arc current 

k - Partition coefficient 

mL K/wt.-% Slope of liquidus line 

N0 1/µm³ Total number of heterogeneous substrate particles 

p1 µm First parameter to fit grain size decrease 

p2 µm/wt.-% Second parameter to fit grain size decrease 

p3 - Third parameter to fit grain size decrease 

P K Constitutional undercooling parameter 

Q K Growth restriction factor 

R mm/s Solidification growth rate 

Re MPa Yield strength 

Rm MPa Transverse tensile strength 

Rp0.2 MPa Transverse proof strength 

s mm Displacement in direction of loading 

si mm Displacement at crack initiation 

t mm Specimen thickness 

tG s Point in time where steady state grain growth starts 

tN s Point in time where nucleation starts 

ΔtS s Solidification time 

T °C Temperature 

TE °C Equilibrium temperature 

TG °C Steady state growth temperature 

TL °C Liquidus temperature 

TN °C Nucleation temperature 

TS °C Solidus temperature 

∆TC K Constitutional undercooling 

∆TC,CET, ∆TC,CET* K Critical constitutional undercooling for CET 

∆TN K Undercooling required for nucleation 

∆TG K Undercooling required for steady state grain growth 

ΔTS K Solidification range 
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U V Arc voltage 

v mm/s Welding speed (torch speed) 

w mm Specimen width 

x mm Welding direction 

X 1/K Alloy factor 

y mm Horizontal direction perpendicular to welding direction 

z mm Vertical direction perpendicular to welding direction 

Greek characters 

Symbol Dimension Meaning 

α ° Angle between directions of v and R 

λ W/(m·K) Thermal conductivity 

ρ 1/µm³ Particle number density 

σ - Standard deviation of grain size 

σ0 MPa Frictional stress 
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