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Abstract 

This master's thesis deals with the effect of electro-magnetic stirring (EMS) on the 

weld metal microstractm-e during direct current (DC) Tungsten Inert Gas (TIG) welding of 

aluminium alloys. Applying electro-magnetic stirring dxiring TIG welding produces a Lorentz 

force, which then leads to rotation of the molten metal in the weld pool. The rotational flow 

may yield refinement of the weld grain structure. The mechanism of the grain refining due to 

EMS is believed to be due to the increasing constitutional undercooling, the change in the 

direction of the maximum temperature gradient and increasing nuclei supply. 

In this project the relationship between the weld microstructure and the stirring 

parameters has been studied. Special attention has been given to the effect of EMS on the weld 

microstructure of AA6060 and AA6061. Experiments have been carried out by means of the 

partial penetration Circular Patch Test and fiill penetration straight welding. Microstructural 

observation of the welds revealed that the grain refining effect is apparent at a low frequency 

of stirring and/or high magnetic field sfrength; but less effective at high stirring frequency 

and/or low magnetic field sfrength. It is suggested that these phenomena are related with the 

fluid flow in the weld pool. This suggestion is supported by the results of temperature 

measurements of the weld pool. The temperature gradient of the weld pool stirred at high 

frequency is higher compared to that stirred at low frequency. This indicates that during 

stirring with low frequency, the fluid flow velocity in the weld pool is higher compared to that 

with high frequency. 

To study the fluid flow in the weld pool, a model of the metal liquid flow in the weld 

pool based on the Navier-Stokes equation was developed for unidirectional stirring of a 

stationary welding. By using this model, the fluid flow in the weld pool during alternating 

stirring can be predicted. The resuhs indeed indicate that the fluid flow velocity in the weld 

pool during alternating stirring at high frequency is lower than that at low frequency. Based on 

the results of this approach, further observation of the fluid velocity indicates that the grain 



The Effect of Electro-Magnetic Stirring on the Weld Microstructure of Aluminium Alloys ii 

refinement due to EMS during TIG welding takes place when the fluid flow in the weld pool 

starts to become turbulent. 

The thesis is divided into five chapters. Chapter 1 gives a general introduction to the 

topic and a brief description of the scope of the thesis. In Chapter 2 the theoretical background 

is discussed. This discussion covers some topics such as aluminium welding, weld 

solidification, and also the principles as well as the effect of electro-magnetic stirring during 

welding. Chapter 3 deals with the experimental set-up, calibration and procedures. The 

experimental work includes the Circular Patch Test, used in the case of partial penetration 

welding, fiill penetration straight welding and temperature measurements. The development of 

the coil used in this project is also presented. In Chapter 4 the resuhs of the experiments are 

presented and discussed. Besides the experiment resuhs, a mathematical model to predict the 

fluid velocity in the weld pool is described. Finally, Chapter 5 presents some conclusive 

remarks and recommendations for fiiture research. 
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Nomenclature 

A Cross sectional area mm^ 

B Magnetic induction or magnetic field strength Tesla (T) 

Co Initial alloy's composition w t % 

CL Concentration of alloying element in liquid phase w t % 

Cs Concentration of alloying element in solid phase w t % 

d Welding depth mm 

FL Lorentz force Newton (N) 

G Temperature gradient '̂ C.mm-̂  

H I Heat input Joule.mm"^ 

i Coil current Ampere (A) 

I Welding current A 

j Current density A.m-^ 

k Equilibrium distribution coefficient -

P static pressure Pascal (Pa) 

Q Available energy/heat developed by the heat source Watt (W) 

r Radius mm 

R Solidification rate mm.s"̂  

R Weld pool radius mm 

Re Reynolds number -

Rh Hydraulic radius mm 

R L Local solidification rate mm.s"^ 

Fluid velocity in the weld pool at steady state mrn.s'^ 

S Q Stirring quotient cycle.mm' 

t time s 

T Temperature °CorOK 

To Ambient temperature °Cor °K 
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Ta Actual temperature in the liquid C or K 

T L Liquidus temperature according to phase diagram ° C or ' ' K 

Tm Melting Point ° C or 

u (̂r,t) Fluid velocity in the weld pool at transient state mm.s'̂  

U Arc voltage Voh(V) 

V Welding travel speed mm.s'' 

V fluid velocity mm.s'^ 

v,j)(r,t) Fluid velocity in the weld pool mm.s'̂  

WP Wetted perimeter mm 

a Angle between magnetic field vector B and current density vector j degree (°) 

a Angle between the weld centerline and the solidification direction degree (°) 

P Thermal expansion coefficient of the hquid metal m^.K"' 

ri Heat transfer efficiency percent or % 

ri Viscosity Pa.s 

(j) Angle between the interface normal and the <100> direction degree 

Xl Primary dendrite arm spacing mm 

A,2 Primary dendrite arm spacing mm 

p Mass density kg.m"^ 

\i Magnetic permeability H.m-1 

Vb Frequency of the magnetic field Hz 

Vj Frequency of the welding current density Hz 

Vs Stirring frequency Hz 

(pB Phase angle of the magnetic field rad 

cpj Phase angle of the magnetic field rad 

CO Number of coil turns 
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Chapter 1. Introduction 

The apphcation of electro-magnetic stirring (EMS) during welding has been known for 

almost four decades. In 1962, Brown et al. [1] found that applying an ahemating vertical 

magnetic field parallel to the arc axis could generate a Lorentz force in the weld pool, which 

then led to rotation of the mohen metal ahematingly. As a resuh of the ahemating rotational 

flow, grain refinement in the weld metal could be produced. Since then, a number of studies 

has been carried out on this subject for various metals. Most of these studies showed that the 

extent of grain refining is dependent upon the strength and the frequency of the ahemating 

magnetic field. These resuhs allow the use of EMS to improve the weld quality since finer 

grains provide better weld properties, for instance, they reduce the sensitivity to hot cracking. 

However, it is still difficuh to imply the extent of the industrial apphcation of electro­

magnetic stirring to achieve grain refinement [2]. In addition, although already a considerably 

amount of research has been performed on EMS, only littie research has been performed in 

applying this technique during ahemating current (AC) TIG welding of aluminium. Therefore, 

further study on EMS during welding is necessary. 

In this project, the effect of EMS during DC TIG welding of aluminium-magnesium-

silicon alloys have been investigated. The work is part of a continuing study in this field 

carried out at Delft University of Technology and was accomphshed in the framework of a 

sixth-month Master's research project. Besides, it is a new project of the Netherlands Institute 

for Metals Research (NIMR). A particular aim of this work is to stiidy the relationship 

between the electro-magnetic stirring parameters (magnetic induction or magnetic field 

strength as well as stirring frequency) and the weld metal microstmcture of A A 6060 and A A 

6061. The resuhs may lead to the attainment of the optimum parameter for grain refining, 

which may satisfy its commercial application. 
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Recently, Gerritsen [3] has studied the effect of EMS during welding of A A 6082. In 

his studies, experiments were carried out by using an ahemating welding current and an 

ahemating magnetic field both at frequencies of around 50 Hz (this method has been studied 

earlier by de Vries [4] to weld an aluminium matrix composite). Under these conditions, 

besides the high-frequency component, which may be too fast for the fluid to follow, a low-

frequency component arises, which induces low-frequency stirring. It is interesting to note that 

in that study EMS refined the grain stmcture particularly at low travel speed. At a higher 

travel speed, the effect of EMS was rather worsening the grain stmcture than improving it. 

Furthermore, no improved resistance to hot cracking in the case of stirred welds was found. 

Since stirring the weld pool under ahemating current (AC) TIG welding may produce 

a more complex phenomenon in the weld pool than that under DC TIG welding, the latter 

technique was used in this study. Under this condition, the stirring parameters and particularly, 

the stirring frequency can be accurately controlled. Therefore, an apparent relationship 

between stirring parameters and weld microstmcture can be observed. Moreover, this might 

show whether high-frequency stirring is really too fast for the weld pool to follow or not. The 

results can then become a reference to further study the EMS during AC TIG welding. 

In addition to the microstmcture observations, temperature measurements of the A A 

6082 weld pool were also carried out. The results might give an indication about the extent of 

the fluid mixing in the weld pool and variations of the temperature gradient due to stirring. 

To get a better understanding about the fluid flow and its relationship with the stirring 

parameters, a model of the fluid flow in the weld pool based on the Navier-Stokes equation 

was developed. In the former study [4], a solution to predict the fluid flow in a stationary weld 

pool during unidirectional stirring at steady state has been given. In this study, the fluid flow 

equation of a similar situation (unidirectional stirring) but at the transient state was solved. 

The resuhs may give a rough estimation about the fluid flow in the weld pool during 

ahemating stirring. 
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Chapter 2. Theoretical Background 

2.1. Introduction 

This thesis deals with the influence of electro-magnetic stirring (EMS) on the 

microstructure of A A 6060 and AA 6061 welds. Therefore, it is necessary to pay attention to 

several topics relevant to the subject, such as aluminixmi welding, sohdification of the weld metal 

and EMS. In this chapter, these topics are discussed. Firstly, an overview of TIG welding of 

aluminium alloys is given. The overview covers a discussion about TIG welding and weldability 

of aluminium alloys. Subsequently, sohdification of weld metal is deah with, which includes the 

sohdification mechanism as well as the development of the macrostructure and the microstructure 

of the weld. Finally, the principle of the EMS during welding, hs influence on the weld structure 

and its important parameters are described. 

2.2. TIG Welding of Aluminium Alloys 

2.2.1. TIG Welding 

Tungsten Inert Gas (TIG) welding or Gas Tungsten Arc Welding (GTAW) has become 

indispensable as a tool for many industries because of the high quality weld produced and the low 

equipment costs [5]. Since the heat input is low and can be controlled precisely, TIG welding is 

smtable for welding small parts and thin plates. However, because of the limited heat input, the 

deposition rate of TIG welding is low [6]. A schematic diagram of the TIG welding set up is 

shown in Fig. 2.1 [6]. 

In TIG welding, the metal to be welded is mehed by an electric arc. The arc is created 

between a non-consumable electrode and the workpiece of opposite polarity. I f additional metal 

is required, filler metal can be added through a supplemental source (e.g. filler wire). Inert 

shielding gas (argon or helium or a mixture of both gases) is used to avoid environmental 

influence on the weld pool and the electrode. Having an excellent protection on the weld pool 
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and being a clean process makes that TIG welding can be applied to all metals including reactive 

metals like aluminium [5]. 

MplfeiTwelit metal 

Fig. 2.1. Schematic diagram of TIG welding set up [6]. 

2 .2 .2 . W e l d a b i l i t y o f A l u m i n i u m A l l o y s 

Among the characteristics of aluminium and its alloys is the presence of a thin oxide f i lm 

on its surface. This oxide has a high melting point (about 2050°C). Thus, the oxide is virtually 

insoluble in the molten aluminium, which in tum makes wetting by the molten weld metal 

difficult [5]. Additionally, since the oxide f i lm is porous, it tends to trap moisture or other 

gaseous contaminants that can lead to weld porosity [6]. 

It is well established that the size and the shape of the weld pool depend on the magnitude 

and distribution of the heat input as well as the dissipation of the heat in the workpiece. In TIG 

welding, the available heat produced by the source is given by Q = U I , where Q is the energy 

developed (Watt), U is the arc voltage (Volt) and I is the current (Ampere). As part of the heat is 

lost to the environment during welding, the heat input to the base metal per unh length is defined 

by the following equation [6]: 
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HI=^— (2.1) 
V 

where H I is the heat input (Joule/nun), t) the heat transfer efficiency (percent) and v the travel 

speed (mm/s). The influence of these parameters on the weld pool size and shape is depicted in 

Fig. 2.2. In general a higher heat input leads to a larger weld pool size. 

Fig. 2.2. Influence of welding parameter: (a) increasing welding current; (b) increasing vohage 

and (c) increasing welding travel speed on the weld pool shape [7]. 

Addhion of the alloying elements to aluminium is usually aimed to improve the properties 

of the aluminium, for instance the mechanical properties. However, these additions may resuh to 

poor weldability of the alloy and appearance of welding defects such as hot cracks, hquation, etc. 

A hot crack, for instance, is a solidification defect, which occurs in the mushy zone trailing the 

weld pool. It can also be found in the crater where the welding arc is terminated [8]. The effect of 

the composition of some alloying elements on the crack sensitivity is shown in Fig. 2.3. 

From Fig. 2.3, it is evident that the sensitivity to sohdification cracking is the greatest at 

intermediate solute levels. During solidification, the solute is rejected from the sohd due to hs 

hmited solubility. As a resuh, a low melting eutectic or solute rich hquid is produced which then 

forms a continuous film at the grain boundaries. With the presence of stresses such as caused by 

shrinkage or contraction due to thermal expansion, this fihn wi l l be ruptured. In pure aluminium 

there is no low melting-point eutectic present at the grain boundaries, and thus no tendency to 
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f o m hot cracks. At much higher solute levels, the amount of low melting liquid is so large that 

the cracks can be healed. In between, the eutectic hquid is just enough to form the f i lm but not 

enough to backfill the incipient cracks and therefore give a high tendency to produce hot cracks 

[9]. Having a higher coefficient of thermal expansion, aluminium alloys exhibit more incidents of 

hot cracking than mild steel [9]. 

Fig. 2.3. Crack sensitivity of several binary aluminium alloys as a fimction of alloying element 

composition [9]. 

One of the approaches to minimise the susceptibility to hot cracking is by controlling the 

solidification structure, i.e. by refining the grain. As far as hot cracking is concerned, fine 

equiaxed grains are preferred over coarse columnar grains for several reasons. First, fine 

equiaxed grains have a greater ability to deform to accommodate contraction stresses. Second, 

more effective liquid feeding to the crack in fine-grained materials promotes healing. And third, 

the concentration of low melting point segregates is spread in a wider area as the area fraction of 

fine grains is larger than that of coarse grains, reducing the possibility of hot cracking to take 

place [9]. 

0 1 2 3 4 5 6 7 
Percent alloying addition ol weld (%) 

8 



The Effect of Electro-Magnetic Stimng on the Weld Microstmcture of Aluminium Alloys 7 

2.2.3. Welding of Aluminium Alloys 

DC TIG welding, with electrode negative (DCEN) or electrode positive (DCEP), and AC 

TIG welding can be used to weld aluminium and its alloys. In DCEN mode, electrons are emitted 

from the electrode towards the workpiece. The electron bombardment generates a considerable 

heat on the workpiece and resuhs in a deep weld penetration. Additionally, the emission of 

electron cools the electrode tip and prevents it from melting. To deal with the aluminium oxide 

layer, the workpiece must be thoroughly cleaned prior to welding [5]. 

When helium is used as a shielding gas during DCEN, the arc vohage obtained is 

appreciably higher than that when argon is used. Comparisons of the arc vohage obtained with 

helium and argon as a gas shielding is given in Fig. 2.4. 

30 r 

> 2 5 h 

TUNGSTEN ARC, 
ALUMINUM 

ARC LENGTH 

- 0.08 in. (2 mm) 
- 0.16 in. (4 mm) 

0 50 100 150 200 250 300 350 400 

ARC CURRENT. A 

Fig. 2.4. Voltage-Current relationship with argon and helium as a gas shielding [5]. 

Following equation 2.1, helium offers more available heat to meh the metal compared to 

argon. The higher available heat favours the use of hehum for welding thick or high thermal 

conductivity materials with DCEN. The disadvantage of hehum is that hs cost is higher 

compared to argon. Besides, since helium is hghter than either air or argon, the flow of helirun 

must be about two or three times than that of argon to produce equivalent shielding effectiveness 

[5]. 

In DCEP mode, bombardment of large positive ions on the metal surface can easily 

remove the oxide layer. However, the penetration is shaUower than in the case of DCEN. 
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Furthermore, the electrode in DCEP mode is heated by the bombardment of electrons. To prevent 

the electrode from mehing, a larger electrode diameter or a lower welding current should be used. 

The shallower weld penetration and the limited heat input of DCEP make this technique suitable 

for welding sheet metals [5]. 

By using AC current the effects of DCEN and DCEP are combined. During the positive 

cycle of the current, the metal wi l l be cleaned and during the negative cycle a deep weld 

penefration is obtained. Therefore, AC TIG welding is more favourable for aluminium welding 

[5]. 

2.3. Weld Metal Solidification 

2.3.1. Solidification Mechanism 

The transformation from liquid to solid may occur by a process of nucleation and grov^^h. 

In flision welding, the growth mechanism is dominant since a solid-liquid interface is always 

present. This mechanism may start by epitaxial growth from the fusion boundary and proceeds 

toward the weld centreline. During this process, the existing crystalline structure in the solid is 

extended with atoms from the meh without altering the crystallographic orientation [10]. 

As the grains grow into the bulk of the weld pool, their structure is controlled by a 

different mechanism known as competitive grov^h. Two factors influence the competitive growth 

mechanism, the temperature gradient and the easy growth direction. A higher temperature 

gradient indicates a higher heat removal and thus a higher driving force for sohdification. Since 

the maximum temperature gradient exists in the direction perpendicular to the weld pool 

boundary, the grains tend to grow in this direction. In addition, individual grains tend to grow 

parallel to their crystallographic easy-growth directions. In cubic metals like aluminium, this is 

the <100> direction. Consequently, grains whose easy growth direction is parallel to the direction 

of the maximum temperature gradient wi l l outgrow and crowd out other grains. Fig. 2.5.a 

illustrates both the epitaxial and the competitive growth mechanisms [10]. 



The Effect of Electro-Magnetic Stirring on the Weld Microstructure of Aluminium Alloys 9 

Fig. 2.5. a) Epitaxial and competitive growth and b) Nucleation during weld solidification [10]. 

As the sohdification proceeds, new grains may nucleate, grow into the bulk weld metal 

and block the columnar grains that grow epitaxially from the fiision boundary. The higher the 

nucleation rate the finer the new grains formed. The nuclei in weld metal can be formed by 

several mechanisms: (1) dendrite fragmentation, (2) grain detachment, (3) heterogeneous 

nucleation and (4) surface nucleation. Fig. 2.5.b shows schematically these nucleation 

mechanisms [10]. 

Dendrite fragmentation can in principle be caused by weld pool convection. This process 

can take place in the mushy zone, the area at the trailing edge of the weld pool where the 

solidification starts. In this process, dendrite arms may break off by fluid flow or by remehing 

and are carried into the bulk weld pool. I f they survive in the weld pool, they can act as nuclei for 

new grains [10]. It is interesting to note that this mechanism has been referred to most frequently 

as the grain refining mechanism for weld metals, even though no proof has been found [10]. 

By similar cause with dendrite fragmentation, grain detachment can occur in the partially 

melted zone. This zone is the region in the weld pool of an alloy in which the temperature of the 

base material rises between the liquidus (Ti) and solidus (Ts) lines. Grains in this zone that are 
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loosely held together by a hquid fi lm can be brought into the bulk weld pool by the convection 

flow. They can act as nuclei and form new grains i f they survive in the weld pool [10,11]. 

Heterogeneous nucleation can occur when there is a significant number of foreign 

particles (inoculants) in the weld pool on which the atoms in the liquid can be arranged to form a 

crystal structure. Different from heterogeneous nucleation, homogeneous nucleation occurs when 

the nuclei are formed solely by the atoms of the hquid themselves. In welding, however, the 

heterogeneous nucleation wi l l occur more easily and long before the homogenous nucleation [9]. 

Finally, surface nucleation takes place when the weld pool surface experiences a high 

cooling rate, for instance due to the cooling effect of the shielding gas. In this mechanism, solid 

nuclei can be formed at the weld pool surface and showers down due to their density, acting as 

nuclei for new grains [10]. 

2.3.2. Constitutional Undercooling 

Constitutional undercooling plays an important role during sohdification of weld metal. 

This can be explained by using Fig. 2.6. 

Co/k 

Tl (Col 

T.(Co) 

_ V 

w 
Z to 

• T i ^ 
/ y<fWll-''" 

//n'-U-' 

0 Co Co/k 

Fig. 2.6. Illush-ation of constitutional undercooling in sohdification of an alloy: (a) sohd-hquid 

interface; (b) phase diagram; (c) constitutional undercooling region shown by the cross 

hatched area [after ref 12]. 
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Consider the sohdification of an alloy with a composition of Co. Since the solute 

solubihty is lower in the solid phase, during sohdification, there is a substantial increase in the 

liquid concentration (CL) ahead of the interface, which then decreases with distance z. I f no fluid 

flow occurs and in the steady state situation, the maximum liquid concentration wi l l be Co/k, 

where k is equilibrium distribution coefficient (k = Cs/Cl). The increasing concentration in the 

hquid phase decreases the effective hquidus temperature (TL). Constitutional undercooling exists 

when the actual liquid temperature (Ta) is less than the effective hquidus temperature [12]. 

Commonly, the extent of constitutional undercooling is expressed as a ratio of 

temperature gradient G to solidification rate R or G/R [10]. A higher G/R value represents a 

lower constitutional undercooling. Hence, a lower temperature gradient increases the extent of 

the constitutional undercooling region as is shown in Fig. 2.7. 

Fig. 2.7. Influence of solidification rate and temperature gradient on the extent of constitutional 

Fig. 2.7 also shows that the sohdification rate affects the constitutional undercooling by 

changing the sohdification rate R. The faster the sohdification rate the steeper the concentration 

gradient and the effective Hquidus temperature [13]. Accordingly the constitutional undercooling 

is increasing with the sohdification rate. In term of the G/R ratio, its value decreases with 

increasing R. It is weU accepted that nominally, the sohdification rate can be estimated from its 

relationship with the welding travel speed V by: 

Solid-*l Liquid 

Fast growth rate R1 

Distance from solid-
liquid interface 

undercooling [after ref 13]. 
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R = V.cosa (2.2) 

where a is the angle between the centreline of the weld and the solidification direction [13] (see 

Fig. 2.8.a). A more correct sohdification rate during welding can be obtained by regarding the 

existence of the easy growth directions. Consider now a cubic crystal which grows along the 

steepest temperature gradient in the weld pool, as shown schematically in Fig. 2.8.b. I f ([) denotes 

the angle between the interface normal and the <100> direction, the relationship between the 

nominal growth rate R and the local growth rate RL as given in equation 2.3 [after 14] exists. The 

local growth rate of the crystals RL may then be higher than the nominal growth rate R [14]. 

R F cosa 

COS(() COS(|) 
(2.3) 

Columnar 

Welding direction (x) 

(b) 

Fig. 2.8. a) Solidification rate R as a fiinction of hs position and of the travel speed [13] and b) 

definition of the local crystal growth rate RL [14]. 

2.3.3. Weld Microstructure 

During solidification of the weld metal, the solidification front can be planar, cellular or 

dendritic, depending on the alloying concentration and the degree of constitutional undercooling. 

The dependency of the grain substructure to the extent of constitutional undercooling parameter 

G / R and to the alloying concenfration is schematically illusfrated in Fig. 2.9. The figure shows 

that the weld substructure changes from planar to dendritic when the degree of the constitutional 
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undercooling in the weld pool increases. However, constitutional undercooling is not expected to 

be significant enough by itself to cause nucleation under normal welding conditions [15]. It was 

proposed that equiaxed grains in the fiision zone originate by a proper nuclei supply aided by 

constitutional undercooling [10,16]. 

Fig. 2.9. Schematic dependency of the grain subshaicture on the alloying concentration and the 

constitutional undercooling [14]. 

Using equation 2.2, it can be seen that the solidification rate R is 0 at the sides of the pool 

since a = 90° and is maximum at the weld centreline since a = 0°. On the other hand, the thermal 

gradient in the hquid (G) is maximum at the side of the pool and is minimum at the weld pool 

centreline. This situation resuhs in a continuously decreasing G/R ratio from the flision boundary 

to the weld cenfreline. Accordingly, the grain structures can vary from columnar in the fusion 

boundary to equiaxed in the weld centreline as shown in Fig. 2.10. It is further suggested that for 

a particular alloy system containing a fixed number of heterogeneous nucleation sites, the 

columnar to equiaxed transition (CET) occurs when the G/R ratio drops below a certain critical 

value [14]. 
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Fig. 2.10. Schematic diagram illustrating structural variations in the weld solidification 

microstructure across the fusion zone due to the variations of constitutional 

undercooling (G/R) [14]. 

As was explained, the formation of equiaxed grains takes place when a significant amount 

of heterogeneous nuclei is present aided by the constitutional undercooling. An increase in the 

number of suitable nuclei increases the fraction of the equiaxed region. From Fig. 2.11, it can be 

seen that, the intersection between the line joining the flision boundary FB and centreline CL 

with the CET boundary defines the location of the CET or in other word defines the fraction of 

equiaxed grains in the weld. As the number of the smtable nuclei increases (N=100), the CET 

hne moves toward the FB, indicates increasing fraction of equiaxed grains [17]. 

Fig. 2.11. The combined effect of variation of G and R across the fusion zone and the number of 

suitable nuclei N on the equiaxed fraction. CL = centreline, FB = fusion boundary, 

CET = columnar to equiaxed transition [17]. 

Log(G) 
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While the ratio of G/R governs the mode of sohdification, the product of GR controls the 

scale of the solidification structure. Using a umt of °C/s, the product of GR is equivalent to the 

coohng rates. The greater the product GR, the finer the grain substructure (cellular, columnar 

dendritic and equiaxed dendritic structure). This is so because at a slow cooling rate, large 

dendrite arms can grow at the expense of the smaller ones [9]. The effect of temperature gradient 

G and sohdification rate R on the scale of the grain structure is summarised in Fig. 2.12. 

Fig. 2.12. Schematic of influence of the sohdification rate R vs. temperature gradient G on the 

scale of the grain substructiare [6]. 

Characteristic for the dendrite morphology is the dendrite arm spacing. It has been found 

that the dependence of the spacing of primary dendrite arms X \ and of secondary dendrite arms 

X2 on the temperature gradient G and solidification rate R are as follows [18,14]: 

Xl = aiiG'Rf' (2.4) 

^2=a2(GR)-" (2.5) 

where a\ and a2 are coefficients which depend on the alloy system, and n = 1/3 to 1/2. The 

definitions of primary and secondary dendrite arm spacing are given in Fig. 2.13. 
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Xf A 

Fig. 2.13. Definition of primary X,i and secondary X2 dendrite arm spacing [14]. 

2.3.4. Weld Macrostructure 

Fig. 2.14 shows several types of macrostructure that can be developed during 

solidification of TIG weld in aluminium alloys. 

Fig. 2.14. Typical macrostructure of aluminium weld a) stray structure, b) axial structure, c) 

centreline structure and d) equiaxed structure [19]. 

It is explained that the formation of these structures is dependent on the welding 

parameters, particularly the travel speed [19]. At low travel speed, the weld pool shape is 
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elliptical. Since the ephaxial columnar grains grow in the direction of the maximum temperature 

gradient, which is perpendicular to the weld pool boundary and continuously changing from the 

flision line towards the cenfreline, a stray structure wi l l be developed. This structure is 

characterised by curved grains that extend from the fusion boundary and gradually become 

parallel to the welding direction at the cenfre of the weld [19]. 

When the travel speed is faster, the weld pool gets a shape which is somewhere between 

an ellipse and a teardrop. At this situation, elongated grains can grow along the weld cenfreline, 

forming an axial structure. At a very high fravel speed, the shape of the weld pool is like a 

teardrop, so that the direction of the maximum temperature gradient is relatively constant along 

the weld boundary. As a resuh, the epitaxial columnar grains grow in a relatively constant 

direction and can meet in the cenfre of the weld creating a distinct cenfreline [19]. Moreover, 

with increasing travel speed, the solidification rate R is also increasing (equation 2.2) and so is 

the constitutional undercooling. Aided by proper nuclei, equiaxed structure, in which equiaxed 

grains scatter in a band along the weld centreline can be formed. 

2.4. E lec t ro -magnet ic Stirring during T IG Welding 

In this section, a discussion about the apphcation of EMS during welding is given. Firstly, 

the effect of the magnetic field on the weld pool is described, foUowed by a discussion of the 

mechanism by which EMS refines the grain structure. After that, the parameters that influence 

the resuhs of EMS apphcation wi l l be reviewed. 

2.4.1. The Principle of Electro-magnetic Stirring during Welding 

The principle of EMS during welding is based on the interaction between the welding 

current and the imposed magnetic field, which generates a Lorentz force. This is shown in Fig. 

2.15. 
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Magnetic Field 

c) 

Fig. 2.15. Schematic representation EMS during arc welding (a) the direction of the welding 

current and the magnetic field; (b) the direction of Lorentz force; (c) annular flow in 

the weld pool [from 20 and 3]. 

During TIG welding, the welding current is considered to spread radially in the 

workpiece. When an external magnetic field is applied axially (the direction of the magnetic field 
—ti­

ls parallel to the arc axis) a Lorentz force F L is produced and is represented by: 

F L = j X B (2.6) 

where j is the current density and B the magnetic field. The direction of the Lorentz force follows 

the Fleming's left-hand rule (Fig. 2.15.b), perpendicular to both j and B towards the direction of a 

corkscrew when rotated over the smallest possible angle from j axis to B axis. The magnitude of 

the Lorentz force is represented by: 

F l = j.B.sin a (2.7) 
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in wliich a is tlie smallest angle between the electric current density and the magnetic 

inductance vectors. Since the electric current flows more horizontally at the weld boundary, a 

and therefore the magnitude of the Lorentz force is increasing from zero at the weld pool centre 

to maximum at the weld boundary. However, the Lorentz force in this direction is also reduced 

due to the divergence of the current in radial outward direction. 

2.4.2. The Effects of an Axial Magnetic Field on the Weld Pool Flow 

Principally, there are four different forces that drive the convective flow in the weld pool 

during conventional (unstirred) TIG welding [21]: 

1. indigenous electro-magnetic forces or Lorentz forces due to the interaction of the welding 

current and the induced magnetic field in the weld pool; 

2. buoyancy forces due to the density variations of the hquid-metal density caused by the 

temperature variation in the weld pool; 

3. marangoni forces or surface tension forces induced by gradients in temperature and also 

affected by the addition of surface activating agents such as O, S, Se and Te; 

4. aerodynamic drag forces as a resuh of plasma jet and shielding gas flow along the weld pool 

surface. 

Individually, each driving force leads to either a radial-outward directed flow that resuhs 

in a relatively wide and shallow weld pool, or a radial-inward flow, which gives a deep and 

relatively narrow weld pool [21] (see Fig. 2.16). 
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(1) E l e t r o m a g n e t i c f o r c e (2) Buoyancy f o r c e 

I f cî  >0g, r e v e r s e f l o w 

Fig. 2.16. Convection pattern in the weld pool due to: a) self induced electro-magnetic force, b) 

buoyancy force, c) surface tension and d) aerodynamic drag force [21]. 

Commonly weld pool convection is a result of the combination of all those four different 

forces. This gives a very complex convection pattern. Two important equations to simulate the 

convection in the weld pool are the equation of continuity of mass and the Navier-Stokes 

momentum equation. For fluids of constant mass density and viscosity, these equations can be 

presented as follows [22, 23]: 

Continuity: V.v = 0 (2.8) 

Momentum: p(— + v.Vv) = -Vp + rj V V - ppg(T - T^) + jxB (2.9) 
dt 

where v is the fluid velocity, Vp the static pressure force, r|V^v the viscous force, pPg(T-To) the 

buoyancy force and jxB the Lorentz force. 
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Considering cylindrical co-ordinates and neglecting the buoyancy force, the Navier-

Stokes equation (equation 2.9) can be expressed in its radial (r), azimuthal (^) and axial (z) 

components [23]: 

Radial (r) component: 

,öv, av, V. ÖV, vJ 5v,. 5p ^2 / o i m 
p ( — + —'- + - ^ — - — ^ + v ^ — - ) = —^- + r i V ' v (2.10) 

5t ' 5r r 5(1) r ' 5 / ar ' ^ 

Azimuthal ((j)) component: 

p ( ^ , Z . ^ + v > + ^ ^ ) = - i ^ + U B . + , V ^ v l (2.11) 
a r ar ' az r a(j) r act) ^ ' * 

Axial (z) component: 

p(—^- + y,—^ + - ^ — ^ + v , — - ) = — i - + r i V ' v (2.12) 
a ' az r act) ^ a / az ' ^ 

It can be seen from the last three equations, the only equation that contains the Lorentz 

force is the one for the azimuthal component. Therefore, in the case of EMS, the Lorentz force 

causes the hquid in the weld pool to rotate. The rotation can be clockwise or anti-clockwise 

depending on the direction of the magnetic field and on the welding current. Solving equation 

2.11 for a steady state situation (dv/dt=0) with constant B (this means in unidirectional rotation), 

de Vries [4] concluded that the rotational flow rate can reach a value of 12 mJs. A lower fluid 

velocity in the weld pool (about 500 mm/s) was estimated by Malinowski et al. [24], based on 

their experiments. Still, this velocity is higher than the most important self-flow in the weld pool 

due to the surface tension (about 0.1 m/s). Therefore it is beheved that the Lorentz force 

dominates the self-flow. 

2.4.3. Unidirectional Stirring 

EMS can provide both a unidirectional and an ahemating stirring action. Applying a 

constant axial magnetic field of sufficient magnitude during DC TIG welding generates 

unidirectional stirring. By this action the hquid metal is pushed to one side of the weld boundary 

creating an asymmetrical weld pool shape and a so-called ditch-dike effect (Fig. 2.17). This 

effect is more pronounced with a stronger magnetic field. Usually the ditch-dike effect is not 
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wanted and can be solved by using an alternating magnetic field. Regarding the grain refining 

effect, an investigation by Matsuda et al. [20] leads to a resuh that unidirectional stirring does not 

produce grain refinement, except in the case of materials which are very susceptible for grain 

refinement. 

Fig. 2.17. Illustration of the weld pool in the presence of a constant magnetic field, V t = tiavel 

speed; V r = annular flow velocity of the hquid metal: (a) cross section and (b) top view 

show the ditch dike effect and the asymmetrical weld pool shape [24]. 

2.4.4. Alternating Stirring 

Ahemating rotational flow can be produced when either the magnetic field or the welding 

current ahemates. In this type of flow, the hquid rnetal is moved to either side of the weld 

boundary during each half-stirring cycle. With increasing frequency, the ditch-dike effect as well 

as the asymmetric weld pool shape graduaUy disappears. Ripples on the weld surface mark this 

effect. The number of the ripple lines per umt length is dependent on both stirring frequency and 

welding travel speed, and can be examined using a so-called stirring quotient (SQ) term, which is 

defined as [3]: 

SQ = V s / v (2.13) 

where V s is stirring frequency and v travel speed. Fig. 2.18 shows schematically the ripple lines 

on the weld bead surface due to ahemating stirring and the definition of the stirring quotient. 
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Fig. 2.18. Schematic presentation of the ripple lines on the weld bead surface due to ahemating 

stirring and the definition of stirring quotient [3]. 

Studies [24, 25] concluded that at a high stirring frequency, the inertia of the liquid metal 

might hinder the rotational flow. This situation makes the application of magnetic stirring during 

aluminium welding with ahemating current, which commonly works with 50 Hz current, 

difficuh. It is suggested [4] that to solve this problem, an ahemating magnetic field which 

frequency is shghtly higher than the current frequency can be used. A solution to calculate the 

Lorentz force has been developed by using a triangular-wave magnetic field and a square-wave 

current density. This solution is given in the form of Fourrier series as follows [3, 4]: 

FJt) = JB sin(a) Z T T ^ T T ; 7^ , . 
t t t f i i l n - l ) (2m -1) [2 

- s i n 271 [ ( 2 « - l ) v , + (27n- l )v„ l t + ((p,+(pg) + 

•sm 271 (2n - l ) v . = (2m - l)v, ] ^ + ( ( p - 9 J > 

(2.14) 

where FL(t) is the Lorentz force as a function of time, a the smallest angle between the magnetic 

field and the current density, m and n numerical indices, vj the frequency of the welding current, 

V B the frequency of the magnetic field, t the time while (pj and cpe are the phase of the welding 

current and the magnetic field respectively. Equation 2.14 expresses that the Lorentz force 

consists of sinusoidal waves with a high frequency component (vj + V B ) and a low frequency 

component (vj - V B ) . This is depicted in Fig. Fig. 2.19. 
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Fig. 2.19. Schematic representation of Lorentz force versus time as a resuh of interaction 

between ahemating current and ahemating magnetic field. The low frequency 

component is represented by the thick line [3]. 

I f V j = V B and (pj - (pB = 0, continuous rotation wi l l be achieved. On the other hand, a slight 

difference between vj and V B generates a stirring action on the weld pool with a stirring frequency 

of V s = V j - V B . By taking the magnetic field frequency slightly higher than the current density 

frequency, an interference of high frequency components of the magnetic field with the current 

can be prevented [4]. 

2.4.5. Grain Refinement Mechanism due to EMS during TIG Welding 

The ahemating rotary flow of the mohen metal during EMS in TIG welding favours grain 

refining by: reducing the temperature gradient, increasing nuclei supply and changing the 

direction of the steepest temperature gradient. 

Investigations [24, 26, 27, 28] suggested that the temperature gradient in the weld pool 

decreases due to EMS. The decrease of the temperature gradient is associated with the changes of 

the temperature-distribution in the weld pool. The rotational flow carries the superheated metal to 

the outer part of the pool and transports the cooler metal to the pool so that the heat wiU be 

absorbed as latent heat of melting, creating a larger weld pool. An illustration of weld-pool 
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temperature changes due to EMS on Khl8N9T steel is shown in Fig. 2.20. Without EMS, the 

temperature in the centreline of the Khl8N9T steel weld is higher compared to the temperature at 

the fusion line (Fig. 2.20.b.i). During EMS, the temperature at both locations become equal, 

representing a reduction of the temperature gradient (Fig. 2.20.b.ii). A lower temperature gradient 

reduces the G/R ratio and thus increases constitutional undercooling. As has been explained 

before, with proper nuclei this yields grain refinement. 

Fig. 2.20. (a) Temperature measurement set-up (i) side view and (ii) top view, 1-welding torch 

with coil, 2-guides, 3-moving part with thermocouple, 4-stationary part; 

(b) Diagram of temperature distribution in the weld pool of Khl8N9T steel during TIG 

welding (i) without stirring and (ii) with stirring. Line 1 shows the temperature at the 

weld centreline, while line 2 shows the temperature near the weld pool boundary [27]. 

In addhion to the effect on the constitutional undercooling, EMS is also beheved to 

increase the number of nucleation shes that might be associated with dendrite fragmentation and 

grain detachment [1, 20, 26]. Both mechanisms have been explained in the previous section. Of 

these phenomena, Matsuda [20] suggested that the increase in the number of nucleation shes is 

mainly caused by the fragmentation of cellular dendrite arms. This mechanism has been 

confirmed in the case of refining ingot casting. However, as the dendrite spacing in weld metals 
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is finer than in ingot casting, dendrite fragmentation by EMS may be difficuh to take place [26]. 

Fine dendrite spacing makes fluid penetration to the dendrite network difficult. Different from 

dendrite fragmentation, grain detachment during EMS is more likely to take place [26]. 

Another way by which EMS may cause grain refining is associated with the directional 

changes of the steepest temperature gradient in the weld pool. During EMS the hottest metal 

hquid moves ahematingly along either weld boundary. Thus, each time the liquid flow changes 

its direction, the direction of the steepest temperatiire gradient in front of the sohdification front 

wi l l also change accordingly. Since grains prefer to grow along the direction of the maximum 

temperature gradient, grains wi l l grow until reaching the ripple line, at which, the stirring action 

changes the direction, and then wiU be suppressed by new favourably oriented grains. Fine 

equiaxed grains are produced when the distance between ripple lines is short, or in another word, 

the grain length is identical with the grain width [20]. 

2.4.6. Parameters of EMS during TIG Welding 

Stiidies [1, 20, 24, 25, 29, 30] have shown that the resuh of EMS during TIG welding is 

affected by several factors, the most important factors being the stirring frequency and the 

magnetic field sfrength. 

It was found that the optimum stirring frequency for grain refining is proportional to the 

welding travel speed [20]. This is because at this condhion the distance between the ripple lines, 

which represents the length of the grain stmcture is equal to the width of the grain. However, it 

was also found that at high welding fravel speed (v=500 mm/min and 1000 mm/min) EMS did 

not obviously change the microstmcture compared to the one in the unstirred weld [20]. This 

might be due to the formation of a teardrop shaped weld pool at higher travel speed that hinders 

the stirring at the back of the weld pool [20]. Generally the optimum stirring frequency to obtain 

grain refining is in the order of 2 to 15 Hz. Using the quantity SQ, Gerritsen [3] found that grain 

refining of AA6082 called for SQ=2.5 mm"' ( V s is about 10 Hz). Furthermore, it was observed 

that the optimum stirring frequency is also dependent on the magnetic field sfrength and the alloy 

system [30]. 
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The degree of the grain refinement is increasing with the magnetic field strength. This is 

most likely due to the increasing Lorentz force (equation 2.8). However, study showed that there 

is an upper limit of magnetic field intensity, which was found to be about 30 mT, to prevent a 

bum-through weld bead [20] or a rough weld surface [30]. This upper limit is lower in the case of 

a slow welding speed and/or a high welding current [20]. 

2.5. Summary of Current Knowledge 

Some topics that are related with EMS during TIG welding of aluminium alloys have 

been reviewed in this chapter. Based on this review, the following conclusion can be drawn. 

1. A finer equiaxed weld stmcture offers a better resistance to hot cracking than coarser 

columnar grains. 

2. Applying an extemal axial electro-magnetic field during TIG welding yields a Lorentz force, 

which leads to rotation of the liquid metal in the weld pool. 

3. Unidirectional stirring of the weld pool produces an asymmetrical weld shape as well as a so-

called ditch-dike effect. 

4. Ahemating stirring of the weld pool favours grain refining and diminishes the ditch-dike 

effect. The optimum stirring frequency for grain refinement has been found to be in the order 

of 2 to 15 HZ, depending on the magnetic field strength. It has also been observed that a 

higher magnetic field strength is effective to the grain refinement, but there is a limit to 

prevent a formation of unsound rough weld bead surface or a bum-through. 

5. It is beheved that ahemating stirring of the weld pool during TIG welding favours grain 

refining by: reducing the temperature gradient, increasing nuclei supply and changing the 

direction of the steepest temperature gradient. 



The Effect of Electro-l\/lagnetic Stimng on the Weld Microstmcture of Aluminium Alloys 28 

Chapter 3. Experimental approach 

3.1. Materials used 

The materials used in this study were A A 6060, 6061 and 6082. A l l materials were 

extruded except A A 6061 which was rolled plate. The nominal chemical compositions of these 

materials are given in Table. 3.1. 

Table. 3.1. Chemical composition in % weight of A A 6060, 6061 and 6082. 

Cu Cr Fe Mg Mn Ni Pb Si Sn Ti Zn 

A A 6060'^ 0.04 <0.01 0.21 0.51 <0.01 <0.01 <0.01 0.38 <0.01 0.02 0.02 

A A 6061^^ 0.15-0.40 0.04-0.35 0.7 0.8-1.2 0.14 0.4-0.8 0.15 0.25 

A A 6082 0.05 0.01 0.38 0.92 0.65 <0.01 <0.01 0.86 <0.01 0.02 0.01 

Analysed by using X-ray Fluorescence (Philips PW1480). 

Data trom ref 31. 

Data from ref 3. 

The use of A A 6060 in this study is primarily due to hs high sensitivity to hot cracking. 

In addition, A A 6060 represents a low alloy material and thus the grain refining process by 

elecfromagnetic stirring can be studied with mimmum influence of alloying elements. 

Therefore, the hot cracks can be well reproduced and the effect of the grain refining on reducing 

the hot crack sensitivhy can be appropriately revealed. In comparison with A A 6060, A A 6061 

is less susceptible to hot cracking. In fact the latter aUoy is one of the most popular aluminium 

alloys used for welded structure along with a proper filler wire [32]. Of the three alloys used, 

according to Mousavi [8], A A 6082 exhibhs the least sensitivity to hot cracking. A comparison 

of the weldability in term of total crack length of A A 6060, 6061, 6082 and two 7xxx series of 

aluminium aUoys by means of the Circular Patch Test (CPT) is given in Fig. 3.1 [8]. 
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Fig. 3.1. CPT weldability ranking of 5 mm thick commercial aluminium extrusions (except 

for AA6061, which was a 7 mm cold rolled plate) [8]. 

Several types of specimen were made with the dimensions given in Table. 3.2. 

Table. 3.2. The dimension of the specimens and the applicable experiment. 

Specimen Material Dimensions 
(t X W X 1) 

(mm X mm x mm) 

Welding experiment 

Type 1 AA 6060 - T6 10x52x52 Circular Patch Test (CPT) 

Type 2 AA 6060 as received 10x80x180 Straight bead on plate - partial penetration 

Type 3 AA 6060 T6 3 X 100 x 250 Straight bead on plate - full penetration 

Type 4 AA 6061 as stored 15x100x150 Straight bead on plate - partial penetration 

Type 5 AA 6082 as stored 3 X 80 X 200 Temperature measurement - full penetration 

The T6 heat treatment (for specimen type 1) was carried out by means of a Heraeus 

RL200 air circulated oven using the foUowing procedure: 

(1) solution heat treating at T = 524°C for 30 min; 

(2) quenching in water to room temperature; 

(3) precipitation heat treating at T = 185°C for 5 hours; 

(4) cooling to room temperature. 
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Before welding, the type 1 specimens were ground down to grit 600, while other 

specimens were ground using 120 grit sandpaper. 

3.2. Circular Patch Test 

In this study a Circular Patch Test (CPT) or more specifically a circular bead weld test 

method was employed primarily to get reproducible data of the hot cracking susceptibility. 

Addhionally, this method also offers a simple operation and a low cost of fixture and sample 

production. This intrinsic weldability test rehes on a self-restraint induced by the specimen 

design and fixturing constraint [8]. 

The procedure followed, consisted of producing an autogenous partial-penetration 

circular weld (about 340-degree angular movement and 30 mm in diameter). After completion 

part of the weld, the radial and circumferential strains wi l l reach a maximum though not 

necessarily simuhaneously. At some point, the strain is sufficient enough to initiate a centreline 

crack. Once initiated, this centreline crack usually propagates behind the weld pool until the 

welding is terminated. It is assumed that at any instant, the circumferential strains are larger 

than the radial strains. Therefore, transverse crack should appear before centreline (longitudinal) 

cracks [33, 34]. Fig. 3.2 shows the CPT apparatus used in this study, while Fig. 3.3 gives the 

detail dimensions of the apparatus as well as the specimen. 

Fig. 3.2. CPT apparatus used in this study 
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Water in Water out 

b) 

Fig. 3.3. Detail of the CPT equipment a) side view, b) top view and c) the CPT specimen. AU 

dimensions are in mm. 

During welding, the specimen was put on a water-cooled copper plate, which was 

placed on an aluminium plate. To hold the specimen on its place, a stainless steel bolt (5 mm in 

diameter) was used on each comer of the specimen. The bead on plate welds were then made by 

rotating the specimen under a fixed welding torch. For this purpose, DCEN TIG welding was 

utihsed. The electrode used was a thoriated tungsten electrode of 2.4 mm in diameter with a 45° 

conical tip. The electrode sticks out about 5 mm from the ceramic cup, which has an intemal 

diameter of 11 mm. The distance between the electrode tip and the specimen (the arc length) 

was maintained at 2.4 mm. Commercially pure helium shielding gas was used with an output 
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pressure of 1.2 bar. Other welding and stirring parameters are given in Table. 3.3 of Section 3.5. 

A Migatronic LDE 400 welding power source provided the current. The welding arc was 

ignited manually with the use of a carbon stick. Before the specimen is overcrossed, it was kept 

stationary for a couple of seconds to form a proper and stable weld pool. During the 

experiments, the welding current and the arc vohage were monitored with the help of a 

Lab VIEW card. 

3.3. Electromagnetic Coil 

In this project, two types of coil have been made. In the preliminary stage of the project, 

a low-current coil without core was made of two copper wires (0.9 mm in diameter, each of 75 

m long) wound simultaneously. The windings were intended to produce a magnetic field in 

opposite direction (polarity). This would be attained by using a pulsed direct current in such a 

way, so that when the current in one of the winding is maximum, in the other it is zero. By 

supplying a 16 A constant DC, a 14 mT magnetic field could be produced. Since this magnitude 

was too low for the experiment, a high-current coil (Fig. 3.4) was developed in the later stage of 

this project. 

Fig. 3.4. Assembly of the electromagnetic coil used in this project. 
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The high-current coil was made of copper tube (5 mm diameter) with a soft magnetic 

material used as a core. The benefit of using a copper tube to construct the coil is that the heat 

generated by the high current can be removed by flowing cooling water through it. 

Acting as the coil house was a copper pipe (25 mm inner diameter), both end being 

welded to a copper plate. A circular copper tube (8 mm dia.), welded to the bottom plate, was 

used as a cooling system for the construction, absorbing the heat radiated by the arc. A core (5 

mm thick) surrounding the housing pipe was constructed of 7 layers of soft magnetic material 

sheets. The tube was covered by a crimp-isolator to prevent any contact between the different 

windings. An AC-DC welding power supply, Elma Technik, Hybrid 400 AD/DC, was used to 

supply the current to the coil. The capabihty of the power source to produce square wave 

alternating current (with a frequency of 1 to 1000 Hz) eliminated the need to use a frequency 

generator and an amphfier, as required for the low-current coil. 

3.3.1. Magnetic Field Strength Calculation 

To design the high-current electromagnetic coil, calculations to determine the magnitude 

of the magnetic field were first carried out. A suitable equation to calculate the magnetic field 

strength has been suggested by Boldyrev [35] as follows: 

where B is the magnetic field strength (Gauss), i the current (Ampere), co the number of coil 

turns and z the distance from the base of the coil along the coil axis (mm) as shown in Fig. 3.5. 

5 = iff) (0.266-0.01 Iz); (3.1) 

Welding Torch 
with Coil 

Z 

Hall sensor 

Fig. 3.5. Schematic diagram representing the z value used in equation 3.1 [35]. 



The Effect of Electro-Magnetic Stirring on the Weld Microstructure of Aluminium Alloys 34 

The problem whh Boldyrev's equation is that B wiU change from positive to negative 

with increasing z, which is very unlikely to happen physically. Therefore, in this project, the 

magnetic field sfrength produced by the coil was determined by using an equation to calculate 

the magnetic field strength of a single wound coil without a core [after 36]: 

where B is the magnetic field strength (Tesla), = 1.2566x10 *i7m"'for copper, i the electric 

current (Ampere), 1 the copper tube length per tiam (m), a the coil radius (m), b the distance 

between the measurement point to the coil cenfre along the coil axis (m) and r the distance 

between the measurement point to the copper tube (m). For a multiple turns coil, each tum gives 

an additional magnetic field which magnitude is dependent on a and b. Hence, the changes in a 

and b of each tum need to be incorporated and equation 3.2 becomes: 

A schematic diagrams showing the definition the variables used in equation 3.2 is given 

in Fig. 3.6.a while a cross section of muhiple tums copper tube coil and the definition of the 

variables used in equation 3.3 are given in Fig. 3.6.b. 

B = (3.2) 

(3.3) 

a) 

Fig. 3.6. Definition of variables used to calculate the magnetic field strength a) of a single 

wire coil (equation 3.2) [after 36] and b) in equation 3.3. 
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Before building the coil, preliminary measurements were carried out to verify whether 

there is agreement between the calculated magnetic field strength and the measured value. For 

this purpose a cylindrical coil of a single 9 tums copper tube (tube diameter 4 mm) was made. 

Taking b o = 26 mm, and a = 16 mm, B was calculated by using equation 3.3. As a comparison 

the B at 26 mm undemeath the coil at the coil axis was measured with a Lohet Hall-probe. In 

this measurement a DC electric current was fed to the coil. In addition, seven layers of soft 

magnetic sheet materials were used to simulate the influence of a soft magnetic core on the 

generated magnetic field strength. The resuhs showed that the calculated B of a coil without 

core is shghtly higher compared to the measured B (about 1.3 x). Furthermore, employing a 

core dramatically increases B. In this experiment the B of the cored-coil was found to be about 

4 X higher than the calculated B of the coil without core. From these results, it appears that a 

suitable design can be made. In order to get a relatively high B, it is then necessary to utilize a 

soft magnetic core. 

3.3.2. Coil Calibration 

After building the core, the ahemating magnetic field was calibrated with a Lohet Hall-

probe. The measurement was carried out by placing the Hall-probe 2.4 mm under the electrode 

and 25 mm below the base of the coil (see Fig. 3.7). 

Base of the Coil 

Electrode 

26 mm 

Hall Probe 

Fig. 3.7. Illustration of magnetic field strength calibration set up, x is the distance of the 

probe to the electiode axis. 
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Firstly, the magnetic field strength was determined as a fiinction of the current and the 

firequency. For this measurement a square wave ahemating current was provided to the coil. A 

Nicolet 410 data acquisition instmment was used to monitor both the current fed to the coil and 

the vohage generated by the HaU-probe. Fig. 3.8.a and Fig. 3.8.b show the signal of the coil 

current (100 Ampere) and the magnetic field produced at a frequency of 2 Hz and 30.3 Hz, 

respectively, measured at bo=25mm. 
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Fig. 3.8. Typical shape of ahemating current (100 A ) and the corresponding magnetic field 

signals for a) f = 2 Hz and b) f = 30.3 Hz. 

Fig. 3.8 shows that the shape of the current signal as well as that of the magnetic field 

was not exactly square. However, for the sake of analysis simphcity, the magnetic field is 

considered to have a square waveform. The limit of the coil current (AC) used in this work was 

about 100 A. Beyond that value, the current became unstable. 

The measured magnetic field strength was found to be about 2x of the calculated field 

strength of a coil without core. This is somewhat less than that was indicated above (about 4x). 

The use of different current mode (AC instead of DC as used before) might be responsible for 

this. 

Fig. 3.9 and Fig. 3.10 present the magnitude of the magnetic field strength (B) as a 

function of the current and as a function of the frequency, respectively. 
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20 40 60 80 100 120 

Current (Ampere) 

Fig. 3.9. Magnetic field strength (B) as a fiinction of current (AC) for different frequencies. 
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Fig. 3.10. Magnetic field strength (B) as a fiinction of frequency for different coil currents 

(AC). 

Shown in Fig. 3.9, up to 100 A, the coil does not reach a saturation level. In other words, 

it is stiU possible to obtain a higher magnetic field strength (B>31 mT) i f a higher current could 

be supplied. Both figures show that at a certain current, B is decreasing with increasing 

frequency. Therefore, to investigate the influence of the frequency during the EMS experiments, 

with increasing frequency, the current needs to be increased in order to get a constant B. 
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Further cahbration was aimed to observe the field homogeneity. For this purpose a 

constant direct current of 50 A was applied to the coil. The magnetic field was measured 25 mm 

below the coil base using a HaU-probe, in such a way that the probe was shifted in the 

horizontal (x) direction as shown in Fig. 3.7. The resuhs, shown in Fig. 3.11, indicate that up to 

a distance of about 10 mm from the coil axis, the magnetic field is relatively homogenous. 

0 10 20 30 40 

X (distance from coil center; mm) 

Fig. 3.11. Homogeneity of the magnetic field strength. X is the distance from the coil cenfre as 

shown in Fig. 3.7. 

3.4. Straight Bead on Plate Weld 

Beside CPT, bead on plate straight TIG welding was also carried out in this work. As in 

CPT, DCEN mode with He shielding gas was utilised. The welding and the stirring parameters 

are given in Table. 3.3 of Section 3.5. The basic part of the experimental set-up for bead on 

plate straight welding is shown schematically in Fig. 3.12. The specimens were fixed on a fravel 

bench by a pneumatic clamp. During welding, the specimen was moved on the traverse 

undemeath the welding torch. Both partial and ful l penefration autogenous TIG welds were 

produced with this set up. In the case of fiiU penetration welding, a ceramic backing plate was 

used. 
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Fig. 3.12. Basic part of the experimental set-up for straight bead on plate welding with electro­

magnetic coil attached to the welding torch. 

3.5. Electromagnetic Stirring during welding 

To use the equipment for the EMS experiments during welding, a Lab VIEW program 

was developed. The program was aimed to activate the magnetic field automatically after a 

certain period of time and to monitor the welding current as well as the welding voltage. In 

most cases, the magnetic field was turned on about 10 seconds after igniting the arc. The current 

to generate the magnetic field was monitored separately by using the Nicolet. The parameters 

used in the stirring experiment are given in Table. 3.3. 

Table. 3.3. Welding and electromagnetic stirring parameters used. 

CPT Straight bead on 
thick plate 

Straight bead on 
thin plate 

Welding Current 120 A 125 A 80 A 

Arc length 2.4 mm 

Travel Speed 2 mm/s 3 mm/s 4 mm/s 

Shielding Gas/pressure He, 1.2 bar 

Electrode Thoriated Tungsten (W-2%Th02) 

Electrode Diameter 2.4 mm 

Magnetic Field Strength (nominal) 7, 11, 15, 20 and 25 mT 

Stirring Frequency (nominal) 2,5,7.5, 10, 15, 20 and 30 Hz 
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The schematic diagram of the complete experimental set up with the CPT apparatus is 

shown in Fig. 3.13. 

Computer and 
Lab View card 

AC-DC 
Power 
Supply 

CPT Apparatus and 
Specimen 

Digital Output Signal 

Analog Input Signal 

Cooling Water Flow 

Fig. 3.13. Schematic diagram of the experimental set up with the CPT apparatus. 

3.6. Microstructural Examination 

The microstructure of the welded specimens was evaluated by using an Olympus 

BX60MF5 microscope equipped with a CCD camera Olympus DP 10 and 'analySIS' imaging 

system software. To reveal the grain boundaries, polarised light was used. Before analysis under 

the microscope, the specimen (transverse cross section and top surface of the weld) were ground 

down to 600 grit and cotton-polished down to 1 [im, using a Struers manual specimen-

preparation apparatus. Subsequently, the specimens were anodised with Barker solution (5 % 

H B F 4 in distilled water) using Struers Electropol operated at 20 V for about 180 second. After 

the samples were anodised, they were quickly washed with water to remove the anodising 

solution left and blown dry by pressurised air. In the case of cross sections of thin A A 6060 
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plate welds (specimen type 3), a cold curing resin (Technovit 4071) was used to facilitate the 

holding of the specimen. 

To observe cracks in the weld, particularly the crack length, a Leica stereo microscope 

was used with a magnification of 40 x. In conjunction with this, the crack surface was 

examined using a Scanning Electron Microscope JEOL JSM6400F, with magnification up to 

500 X . No special sample preparation was carried out for examining the crack length, whilst for 

SEM examination, the samples were cleaned by using acetone followed by iso-propanol. To 

reproduce a macrograph of the sample an Adimec MX12 dighal camera equipped with a long 

focus length and Leica Qwin Pro V2.0 Imaging System was used. 

3.7. Temperature Measurement 

The influence of electromagnetic stirring on the distribution of the temperature on the 

weld pool was studied by measuring the temperature by means of thermocouple type K 

(chromel-alumel). The temperature measurement was carried out at certain locations in the weld 

pool, representing the fiision boundary and the centreline of the weld on AA 6082 sheets. For 

this purpose, thermocouples were attached to the backside of the specimen (see Fig. 3.14). 

a) 

b) 

Constant Reference Plotter 
Junction 

Fig. 3.14. Schematic illustration of a) thermocouple location and b) temperature measurement 

set-up. 
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The distance from the fiision boundary to the weld centreline was determined first by 

measuring the width of both an unstirred and a stirred weld bead without attaching any 

thermocouple. During measurement, the thermocouples were connected to a constant reference 

junction to compensate the room temperature and to a plotter to display the measurement 

resuhs. A reference table, was used to convert the measured value (generated vohage) to a 

temperature. The welding and the stirring parameters are summarised in Table. 3.4. 

Table. 3.4. Parameters used in the experiment to measure the temperature of the weld pool. 

Welding Current 100 A 

Arc length 2.4 mm 

Travel Speed 4 mm/s 

Shielding Gas/pressure He, 12 bar 

Electrode Thoriated Tungsten 

Electrode Diameter 2.4 mm 

Magnetic Field Strength (nominal) 7mT 

Stirring Frequency 7.5 and 30 Hz 
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Chapter 4. Results and Discussion 

4.1. Observations of Circular Welds 

4.1.1. Unstirred AA 6060-T6 Circular Welds 

Sets of unstirred-circular bead-on-plate welds were made on specimen type 1, to fmd 

welding parameters that give a continuous centreline hot crack by means of the Circular Patch 

Test, as defined in Chapter 3. The diameter of the bead circle was 30 mm at a rotational 

displacement equal to about 340°. The subsequent experiment was then aimed to find the 

optimum stirring parameters to refine the weld grain structure. 

4.1.1.1. General observations 

It was found that a welding current of 120 A and a travel speed of 2 mm/s gave the most 

continuous crack in this experiment. The width of the weld bead was found to be about 5.5 mm 

and the penetration depth was about 2.5 mm. The weld was characterised by the presence of a 

black layer substrate on either side of the weld boundary, which might be related with the 

aluminium oxide f i lm on the specimen that produced by the arc. However, the detail mechanism 

of this phenomenon remains unclear and is not subject of investigation in this study. 

4.1.1.2. Grain Structure 

The macrostructure of the unstirred CPT weld showed ephaxial and competitive growth 

for the grains initiating firom the flision boundary towards the centreline of the weld. In 

addition, a band of fine or more correctly thin grains was found along the weld centreline. Fig. 

4.1 shows (a) a transverse cross-section and (b) a top view of a CPT weld on AA 6060-T6. 

It has been suggested that the formation of the fine equiaxed grains in the weld 

centreline is associated with a high constitutional undercooling concurrently with a proper 

nuclei supply (Chapter 2). This might be also the case in this study, though the grains were not 

exactly equiaxed. Besides, h might also be due to surface nucleation, since the fine grains were 

only present on the weld surface (Fig. 4.1.a). 
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Fig. 4.1. Photomicrograph of AA6060-T6 unstirred CPT weld (welding current I = 120 A, 

travel speed v = 2mm/s), showing a) transverse cross-section and b) top view. 

As shown in Fig. 4.1.b, circular striation lines appear along the weld. Observation under 

a higher magnification (200x) revealed that the striation hne is related with dendrite cells which 

become thicker and thinner sequentially. Fig. 4.2 shows the microstructures (a) at the fusion 

boundary and (b) at the weld centreline. Note the change of the grain structure to cellular 

dendritic in the fiision boundary and a periodically change of dendrite cell that creates the 

striation lines shown in Fig. 4.1. According to David and Vhek [18], the change of the cell or 

dendrite spacing is due to sudden changes in the growth rate. The grov^h rate changes may 

resuh from thermal fluctuations that arise during welding, which can be due to fluctuations in 

currents, fluctuations in voltage, erratic welding or fluctuations in travel speed [6]. 
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Fig. 4.2. Photomicrograph of the same weld shown in Fig. 4.1 at 200 x magnification of a) the 

fusion boundary and b) the centreline. 

4.1.1.3. Hot Cracking 

The welded specimen showed a relatively long and continuous crack, though sometimes 

short discontinuous cracks were also present. The cracks started mainly fi-om the fiision 

boundary and grew towards the centreline. This is in agreement with the suggestion that the 

circumferential strains in CPT are larger than the radial stiains at any instant (Chapter 3). It was 

observed that the cracks developed all along the weld. Furthermore, it was found that the cracks 

were not only developed as a surface crack but also as a sub surface crack and even developed 

at the weld root. 

The crack is marked as an intergranular crack, a typical characteristic of hot cracking. 

Verified by SEM, the hot crack surface had a smooth surface representing the grain boundary 

with broken flakes-like substances spread on it [Fig. 4.3]. A spot semi-quantitative composition 

analysis using an Energy Dispersive Spectroscopy (EDS) indicated that the flakes-like 

substance contain more Si (6.05%) in comparison with the grain boundary (0.43%). This result 

supports the explanation that hot cracking takes place at the grain boundary on which a film of 

low melting-point eutectic or solute-rich hquid is formed but is not enough to backfill the 

incipient cracks. The grain surface follows a wavy pattern, which is most likely, related with 
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perturbation of dendrite growth on the grain boundary. This suggestion is confirmed by 

observing the microstructure adjacent to the crack on an unstirred CPT weld (see Fig. 4.4). 

Fig. 4.3. SEM images at 500x magnification of a) hot cracking surface on CPT weld of A A 

6060-T6 and b) base metal fracture surface of the same material due to overloading 

during sample preparation. Note the difference between the smooth surface on the hot 

crack and the rough-dimpled surface on the overload fracture. 

Fig. 4.4. Perturbation of dendrite growth on the grain boundary that leads to the formation of 

wavy grain boundary surface on an unstirred AA6060-T6 CPT specimen. The 

structure was observed on the weld surface (perpendicular to the crack surface) by 

using a light microscope at a high magnification (lOOOx). 
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4.1.2. Observations of Stirred AA 6060-T6 Circular Welds 

By using tlie same welding parameters as defined above, EMS circular patch welds were 

made on specimen type 1. To investigate the optimum stirring parameter for grain refining, the 

magnetic field strength was varied from about 7 mT to about 25 mT, while the stirring 

frequency was varied from 2 Hz to 30 Hz. In most cases the magnetic field was turned on after 

the welding arc paved about 100° of the circle. 

4.1.2.1. Influence of EMS on the Grain Structure 

The obtained resuhs show that the grain structures of the stirred welds change 

significantly in comparison with that of the unstirred weld. In general, the microstructures 

developed during welding under various combination of stirring frequency and magnetic field 

strength can be grouped into two distinct types, columnar and equiaxed or refined. Examples of 

these typical grain structures are shown in Fig. 4.5. A more complete map of photomicrographs 

of the CPT stirred weld grain structure is given in Appendix 1. 

It should be noted here that the grain structure around the centreline and on the surface 

of the stirred weld is somewhat coarser compared to that of the unstirred weld. However, 

transverse cross-section views of the stirred welds revealed that the grains below the surface, 

down to a certain distance, are finer compared to the unstirred weld. On the contrary, the grains 

below the surface in the case of the cohimnar structure type are relatively similar in scale to that 

in the unstirred weld. 
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' ' , • • V-',, 2 mm 

Fig. 4.5. Photomicrograph of the grain stmcture on a stirred A A 6060-T6 CPT weld f = 7.5 Hz, 

B = 14.8 mT a) transverse cross-section and b) top view; and f = 15 Hz, B = 14.5 

mT, c) transverse cross-section and d) top view. 

It appears that a low stirring frequency and/or high magnetic field strength produce the 

equiaxed or refined stmcture. Meanwhile, a high stirring frequency and/or low magnetic field 

strength yield a columnar stmcture. This relationship between the stirring parameters (stirring 

frequency f and magnetic field strength B) and the developed microstractures are depicted in 

Fig. 4.6. Different stmctures and different extent of grain refinement are presented by different 

greyscale of the marks. At f = 10 Hz, B = 11.4 mT and at f = 20 Hz, B = 8.3 mT and 13.6 mT, 

equiaxed structures occur but only on the weld surface. In addition, the stmcture of the weld 

stirred at f = 15 Hz and 20 Hz with B of about 25 mT were partially refined. These stmctures 

are considered as unrefined. Furthermore, it is seen in Fig. 4.6 that the grain refining effect is 

somewhat reduced when the magnetic field becomes too high at low stirring frequency. 
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Fig. 4.6. The change in grain sfructure due to EMS during CPT of 10 mm thick A A 6060-T6. 

As was explained, the formation of different microstructures in an unstirred weld is 

associated with constitutional undercooling. A higher constitutional undercooling (low G/R 

ratio) with proper nuclei supply leads to the formation of an equiaxed structure, while a lower 

constitutional undercooling (high G/R ratio) yields a columnar (dendritic) grain structure. 

Similar to the development of different microstructure in an unstirred weld, the G/R ratio of a 

low f and high B stirred weld should be lower compared to the G/R ratio of a high f low B 

stirred weld. It is beheved that EMS reduces the temperature gradient in the weld pool [27]. On 

the basis of constant R, the G of a weld pool stirred with low f and/or high B is reduced more 

compared to the G of a weld pool stirred with high f and low B. 

The stirred weld beads show apparent ripple lines along the weld. As an example Fig. 

4.7 shows the ripple lines on a weld stirred with f = 2Hz and B = 15.8 mT (welding travel speed 

V = 2 mm/s and welding current I = 120 A). It has been reported [3, 4] that there is a 

relationship between the frequency and the striation line, in which the distance between each 

ripple line represents one half stirring cycle. In contrast with these resuhs, the distance between 

striation lines in this experiment (CPT) represents one ftill stirring cycle. In Fig. 4.7, 1 mm of 

distance represents 1 ful l stirring cycle. Closer study of Fig. 4.7.b reveals that there are two 

regions between two ripple lines, shown as a darker region and a lighter region. Each region 

may then be associated with one half-stirring cycle. 
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Fig. 4.7. Ripple lines on a stirred AA6060-T6 weld (f = 2 Hz and B = 15.8 mT) a) unpolished 

and b) pohshed and anodised. 

Fig. 4.8. Observed substructures in the weld centreline of A A 6060-T6 stirred at a relatively 

constant B = 15 mT with a) f = 2 Hz, and b) f = 15 Hz. The welds were made by 

means of CPT. 

Microstructural observation under a higher magnification (lOOx) revealed that the 

dendrite cell thickness in the hghter region is finer compared to the dendrite cell thickness in the 

darker region. The ratio between the area of the coarser and that of the finer dendrite cell is 

increasing with decreasing stirring frequency and increasing magnetic field strength. This trend 
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is shown in Fig. 4.8, which shows photomicrographs of sohdified weld metals stirred with 

stirring frequencies of 2 Hz and 15 Hz at a relatively constant magnetic field strength (B= 15 

mT nominal). The occurrence of the different dendrite cell thickness between ripples has not 

been reported before. At this stage it is still a question whether this phenomenon was caused by 

the nature of CPT or by another cause. 

4.1.2.2. Influence of EMS on the Hot Crack Nature during CPT 

As far as hot cracking is concerned, it appears that EMS does not reduce or stop the CPT 

cracks. Though some degree of grain refining was found at certain conditions, all specimens 

experienced hot cracking all along the weld. This is most likely due to the relatively high 

restraint in CPT and the chemical properties of A A 6060, which is known to be highly 

susceptible to hot cracking. However, the crack nature in the stirred weld is different from the 

one in the unstirred weld. While the crack in the unstirred weld is relatively long and 

continuous at the weld centreline, the crack in the stirred weld becomes less continuous and 

spread to either side of the weld boundary. In many cases paraUel cracks were found to grow 

simultaneously near the weld shoulders. The change of the crack nature could be related to the 

weld pool tail that shifts ahematingly to both sides of the weld boundary during EMS. 

However, the detail of the mechanism remains unclear and need to be studied further. 

4.1.2.3. Other Remarks 

It is observed that the welding vohage tends to increase when a magnetic field is 

apphed. Fig. 4.9 depicts arc voltage and welding current during CPT welding under EMS (B = 

25 mT nominal and f = 15 Hz). It is shown in Fig. 4.9 that the arc vohage increases about 10 

second after the welding arc is ignited (at which the magnetic field was activated). The increase 

of arc vohage during stirring might be due to the change in arc length as a result of the 

broadening effect, as was reported by Malinowski et al. [24]. Besides that, it might also be 

associated with the behaviour of the arc that prefers the hottest part of the weld pool. During 

each half-stirring cycle one side of the weld pool is hotter than the other side [3]. Therefore, as 

the stirring proceeds, the arc wi l l change side periodically. When the arc is bent and elongated 

aside towards the hotter hquid, hs vohage increases. Different from the arc vohage that shows 
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an evident change due to electro-magnetic stirring, the welding current was found to be 

relatively constant during the experiment. This is very likely due to the use of the constant 

current power source. 
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Fig. 4.9. Arc voltage and welding current during CPT welding under EMS (B = 25 mT and f= 

15 Hz). 

4.2. Observations of Straight Bead on Plate Welds 

4.2.1. Bead on Plate Weld in AA 6060 Thick Plate (Specimen Type 2) 

EMS during straight welding of A A 6060 thick plate (10 mm thick) was carried out 

using a welding current of 125 A and a travel speed of 3 mm/s. The experiment was aimed to 

investigate whether the formation of different regions of dendrite cell thickness as observed 

during weld pool stirring in CPT could also be found during straight welding. The magnetic 

field used was constant (B = 15 mT nominal) but the stirring fi-equency was varied (2 Hz to 15 

Hz). Fig. 4.10 shows the microstructure of an unstirred and stirred (fs = 2 Hz, B = 14.8 mT) 

straight TIG weld in an A A 6060 thick plate. 
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Fig. 4.10. Microstructure (top view) of a straighit TIG weld in AA 6060-T6. The microstructure 

of the unstirred weld is shown on the right side, while the microstructure of the stirred 

weld (f = 2 Hz, B = 14.8 mT, v = 3 mm/s, I = 125 A) is shown on the left side. 

As can be seen in Fig. 4.10, the distance between the ripple lines (about 0.75 mm) 

represent one stirring direction or one half stirring cycle. This is different from the phenomenon 

observed during CPT, in which the distance between the ripple lines represents one fu l l stirring 

cycle. No clear explanation for this different behaviour is available. 

Closer observation of the stmcture in Fig. 4.10 reveals that each half stirring cycle 

produces two regions of different dendrite cell thickness as was found in the experiment with 

CPT (see Fig. 4.11). As wi l l be shown in the foUowing section, this phenomenon does not occur 

during stirring of a ful l penetration weld. Based on this observation, it is likely that the 

formation of the finer and coarser dendrite region might be related with the size of the weld 

pool or the inhomogeneity of the arc. However, the details of the mechanism remain unclear. 
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Fig. 4.11. Observed substructures around the centreline of an A A 6060 straight weld stirred at a 

stirring fi-equency f = 2 Hz with B= 14.8 mT. 

4.2.2. Hot Cracking in AA 6060 Thick Plate Straight Welds 

Similar to the results obtained with CPT, straight welding of A A 6060 thick plate also 

exhibits hot cracking. However, with the welding parameters used during straight welding, the 

cracks were less severe, i.e. less continuous and less opened than those in CPT. No solid 

evidence of reduction on hot cracking sensitivity due to EMS during straight welding of A A 

6060 thick plate (partially penetrated) has been found. 

4.2.3. Bead on Plate Weld in AA 6060 Thin Plate (Specimen Type 3) 

The experiments with A A 6060-T6 thin plate were carried out in order to study the 

effect of EMS on the microstructure of frilly penetrated welds. The welding current was 80 A 

and the travel speed was 4 mm/s. With these welding parameters, an axial grain structure as 

shown in Fig. 4.12 was developed. The structure seems to display columnar epitaxial grains 

growing fi-om both weld boundaries and elongated grains growing around the weld centreline 

parallel with the weld travel direction. 



The Effect of Electro-Magnetic Stirring on the Weld Microstructure of Aluminium Alloys 55 

Fig. 4.12. Photomicrograph of fiiHy penetrated straight bead on plate weld in A A 6060-T6 

unstirred ( I = 80 A, v = 4mm/s), showing a) transverse cross-section and b) top view. 

Generally speaking, the experimental resuhs of EMS on thin plate welds show an 

agreement with the resuhs obtained in the case of CPT under EMS. This means that stirring 

with low f and high B leads to a reduction in grain size, while stirring with high f and low B 

produces coarse columnar grains. At a relatively high B, some specimens were experienced 

bum-through. Fig. 4.13 summarises the development of different weld microstmcture due to 

EMS during straight TIG welding of A A 6060 thin plate (specimen type 3). 
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Fig. 4.13. Grain structures changes due to EMS during straight ful l penetration TIG welding of 

3 mm thick A A 6060-T6. 

It was observed that the shape of the refined grains due to EMS in a thin plate weld (full 

penetration) is different from that produced in the stirred thick plate weld (partial penetration). 

In the case of the fliU penetration weld, the reduction of the grain size takes place in such way 

that the columnar grains become thinner. In addition, new grains are developed when the 

magnetic field reverses hs direction. This effect has been reported earher by Matsuda et al. [20]. 

In agreement with their resuhs, it was also found in this experiment that the new developed 

grains form a zigzag pattern in the weld, following the direction of the maximum temperature 

gradient. Examples of different microstructures developed due to different stirring parameters in 

A A 6060-T6 ful l penetiation welds are shown in Fig. 4.14. A complete map of the different 

microstructures developed at different stirring frequency and magnetic field sfrength is given in 

Appendix 2. 
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Fig. 4.14.Photomicrograpli of stirred ftiUy penetrated A A 6060-T6 weld. Fine structure (f = 2 

Hz, B = 14.8 mT) is shown in a) transverse cross-section and b) top view and coarse 

structure (f = 15 Hz, B=7 mT) is shovm in c) transverse cross-section and d) top view. 

It can be seen from the cross-section views in Fig. 4.14.a and Fig. 4.5.a that the grain 

refining by EMS in the partial penetration weld only reaches to a certain depth below the weld 

surface, while in the fiill penetration weld, it can reach the bottom of the weld. This is obviously 

due to the shape of the weld pool. In the case of a partial penetiation weld (thick plate welding), 

the shape of the weld pool is spherical. In this sitiiation, the direction of the welding current 

(normal to the weld pool boundary) at the bottom of the weld is relatively parallel with the 

magnetic field vector (a = 0°). Thus, sin a (in equation 2.9) = 0, and hence the Lorentz force is 

minimised. 
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In the case of a ful l penetration weld, the weld pool is cylindrical. The cylindrical weld 

pool makes the current at the bottom of the weld to flow almost perpendicular to the vertical 

magnetic field vector (a = 90° or sin a (in equation 2.9) = 1). Therefore, the Lorentz force 

extends to the bottom of the weld pool. 

Observations of the microstructure of the weld under higher magnification (lOOx) shows 

that there are no changes in the dendrite cell thickness due to EMS in a M l penetration weld 

(see Fig. 4.15). 

Fig. 4.15. Observed substructures around the centreline of a straight A A 6060 ful l penetration 

weld a) unstirred and b) stirred with f = 2 Hz with B = 14.8 mT. Note the formation of 

new grains when the magnetic field changes its polarity in b). 

4.2.4. Hot Cracking in AA 6060-T6 Thin Plate Weld 

Hot cracking was not found during straight welding of A A 6060 thin plate ( I = 80 A, v 

= 4 mm/s). However when the welding parameters were changed to I = 100 A with the same 

travel speed, hot cracking was displayed. With this particular set of welding parameters, in 

comparison with the cracks on the unstirred thick plate welds (CPT and straight welding), the 

cracks in unstirred thin plate welds were less continuous and relatively short. An indication of 

the reduction of the senshivity to hot cracking, due to EMS (f = 7.5 Hz, B = 14.8 mT) in thin 
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Fig. 4.16. Microstructure (top view) of a straight TIG weld in an A A 6060-T6 thin plate. The 

microstructure of the unstirred weld is shown on the right side, while the 

microstructure of the stirred weld (f = 2 Hz, B = 7.64 mT, travel speed 4 mm/s, I = 

100 A) is shown on the left side. Note that cracking stops when the weld is stirred. 
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4.2.5. Bead on Plate Weld in AA 6061 Thick Plate (Specimen Type 4) 

Welding of A A 6061 thick plates (15 mm thick) with EMS was carried out to study the 

effect of weld pool stirring on the microstructure of different alloy. The welding current was 

125 A and the travel speed was 3 mm/s. The structure of an unstirred weld produced with these 

parameters, is shown in Fig. 4.17.a. The structure is very similar to the structure of the A A 6060 

CPT unstirred weld specimen (Fig. 4.1), i.e. a band of fine grains has developed around the 

weld centreline. 

Fig. 4.17. Photomicrograph (top view) of grain stmcture of a) unstirred and b) stirred (f = 7.5 

Hz, B = 26.4 mT) straight A A 6061 partially penetiated weld (I = 125 A, v = 3 

mm/s). 

Using the same welding parameters, EMS was applied at various magnetic field 

strengths (7 mT, 15 mT and 25 mT nominal) as well as stirring frequencies (2 Hz, 7.5 Hz and 

15 Hz). Stiictly speaking, the resuhs of this experiment confirm the resuhs of weld pool stirring 

with CPT and straight welding of 6060 given previously, that coarser grains are produced at 

high f-low B, while fine grains are produced at low f-high B. The refined grain stmcture of a 

stirred A A 6061 weld (stirring frequency f = 7.5 Hz with B= 26.4 mT) is shown in Fig. 4.17.b. 
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A complete map of microstructures developed in A A 6061 partial penetration welds under 

different conditions is given in Appendix 3. 

4.3. Temperature Gradient 

The measurement of the temperature of the weld pool was aimed to study the exact 

influence of EMS on the temperature gradient within the weld pool. Fig. 4.18 shows the 

thermocouple position at the backside of the 3 mm thick AA 6082 specimen (specimen type 5). 

The welding current used was 100 A and the travel speed was 4 mm/s. Unstirred and stirred ( f = 

2 and 30 Hz, B = 7 mT nominal) weld pool temperatures were measured. 

Fig. 4.18. Thermocouple position to measure the temperature of the weld pool at the backside of 

the A A 6082 specimen. 

The thermocouple on the right side m Fig. 4.18 gives the temperature at the weld 

centreline (Tc). The other thermocouple was fixed at 6 mm trom the weld centreline. In the 

case of an unstirred weld pool, the temperature given by this thermocouple (Tf) represents the 

temperature at the fiision line. However, in the case of a stirred weld pool, this thermocouple 

yields the temperature in the weld pool near the fusion line. This is because the width of the 

weld pool becomes somewhat larger when EMS is applied. The phenomenon of the increase of 

the weld pool width due to EMS is shown already in Fig. 4.10 and has been reported earher by 
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other investigators (3, 24). A nominal temperature gradient (Gn) between the weld centreline 

and the point 6 mm from h towards the fusion boundary, can be obtained by simply dividing Tc-

Tf by 6. Table. 4.1 shows the resuhs of the temperature measurement and their corresponding 

nominal temperature gradient. 

The resuhs given in Table. 4.1 indicate that the temperature gradient of the weld pool 

stirred with a higher frequency is smaller than the temperature gradient of an unstirred weld 

pool but larger than the temperature gradient of the weld pool stirred with a higher frequency. It 

should be noted, however, that the data were obtained from single measurements and that more 

measurements are needed to achieve more exact resuhs. 

Table. 4.1. Nominal temperature gradient in the weld pool of A A 6060-T6 f i i l l penefration 

welds. 

Sample TcCC) 

Centerline 

T f f C ) 

Fusion Line/ 

Near Fusion Line 

AT G„ 
CC/mm) 

Unstirred 934 584 350 58.4 

f = 2 H z , B = 7mT 836 602 234 39 

f = 3 0 H z , B = 8mT 901 588 313 52.2 

4.4. Fluid Flow 

The mechanism of grain refinement during welding using EMS has been ascribed to the 

increase of constitutional undercooling (decreasing G/R), grain detachment, dendrite 

fragmentation or the change in the direction of the maximum temperature gradient (Chapter 2). 

It is very likely that increasing the velocity of the liquid metal flow in the stirred weld pool 

causes those mechanisms. Matsuda et al. [25] suggested that at a given magnetic field the fluid 

flow w i l l decrease with increasing stirring frequency. Besides, an increase in magnetic field 

strength increases the Lorentz force and consequently the fluid flow in the weld pool. 

The liquid flow in the weld pool during EMS can be fiirther analysed by solving the 

Navier-Stokes equation given in Chapter 2 (equation 2.11). As was mentioned earher, de Vries 
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[4] proposed a simplified solution of this equation in the case of unidirectional stirring in a 

steady state situation. His work led to an equation which describes the fluid velocity in the weld 

pool at any distance r from the weld pool cenfre as follows: 

B I , 

lÓTcdri 
(4.1) 

where r\ is the viscosity of the hquid metal and Iw the welding current, R the radius of the weld 

pool and d the plate thickness. 

During stirring, the fluid velocity at the centre of the weld pool (r = 0) as well as at the 

weld boundary (r = R) is zero. I f equation 4.1 is vahd for a steady state situation (t = oc), then 

the fluid flow at any value of r (0 < r < R) might be described as increasing from 0 at time t = 0 

to a value given by equation 4.1 when time is reaching infinity. Hence, the fluid flow in the 

weld pool v^ at a certain r (0 < r < R) under unidirectional stirring conditions might be depicted 

as a function of time t as in Fig. 4.19. 

Fig. 4.19.Illusfration of the estimated fluid flow v^ in the weld pool during unidirectional 

stirring as a function of time t. 

An approximation of the fluid flow in the case of ahemating stirring can be obtained by 

solving the fluid flow problem in the transient state. An analytical approach and MapleV 

software were used to solve the problem. To obtain the solution of the fluid flow in the transient 



The Effect of Electro-Magnetic Stirring on the Weld Microstructure of Aluminium Alloys 64 

state, the same assumption as used by de Vries [4] has been adapted here too, i.e. the weld pool 

has the shape of a cylinder with radius R and height d. Furthermore, the current distribution can 

be regarded to have a form as schematically depicted in Fig. 4.20 The current density is 

assumed to be constant over the top surface of the weld pool. 

Fig. 4.20. Current distribution in a cylindrical weld pool in axial (z) and radial (r) direction [4]. 

Since in the case of unidirectional stirring the magnetic field is constant in magnitude 

and direction, the Lorentz force acting on a volume element of liquid metal can be written as 

[4]: 

F l = jrXB = 
BL, 

27iRM 
(4.2) 

Substituting equation 4.2 into equation 2.11 (the momentum equation in the azimuthal 

component of a cylindrical co-ordinate) resuhs in the following expression: 

av. V , 9rv^ öv^ V a 5va 

dt r dr dz r 9(j) r 2%R^d 
(4.3) 

Assuming that the azimuthal component of the fluid velocity as well as the arc pressure 

are homogeneous (dv^/d^=0 and dp/d^=0) and neglecting the radial and the axial 

component of the fluid velocity ( V r and V z are considered to be zero), equation 4.3 can be 

reduced to: 

dt 

5 l 9 ( r v J B L 

Sr r dr 27rR'd 
(4.4) 
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To solve the above partial differential equation, it is assumed that the rotational fluid 

flow v,t,(r,t) in the weld pool due to EMS is a summation of the fluid flow in the steady state 

s^(r) and the fluid flow in the transient state u^(r,t) or: 

v , ( r , t ) = s,(r) + u . ( r , t ) 

Substitution of equation 4.5 into equation 4.4 yields: 

a(s^(r) + u^(r,t)) 

dt 

a l5(r(s^(r) + u^(r,t))) BI , , 
••X] 1 7—r 

drr dr 2%R^d 

(4.5) 

(4.6) 

In the steady state (t s oc), u,j,(r,t) becomes 0 and thus equation 4.6 can be simplified to: 

ö l ö ( r ( s ^ ( r ) ) B I , 
0=r] Ï + ^ r 

ör r dr InR^d 

(4.7) 

Using the boundary conditions s^(r) = 0 at r = 0 and at r = R, equation 4.7 can be solved and 

yields: 

s, (r) = 
BI„ r „3 \ 

167T:dri 
r - -

R^ 
(4.8) 

which is in fact the solution derived by de Vries for the steady state fluid flow (equation 4.1). 

Substitution of equation 4.8 into equation 4.6, leads to: 

^ ^ ( r . t ) ) 

at 

8 i a ( r (u . ( r , t ) ) 

ar r ar 
(4.9) 

To solve equation 4.9, the separation of variables method can be used [37]. In this 

method vi^(r,t) is considered as a product of an unknown function X(r) which depends only on r 

and T(t) which depends only on t, so that: 

u , ( r , t ) = X(r)T(t) (4.10) 

After substitution of equation 4.10 into equation 4.9 and by using the boundary conditions X(r) 

= 0 at r = 0 and r = R the partial differential equation can be solved which leads to: 
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T(t) = Cie"^'' and 

X(r) = C2J ,aRVp7^) 

(4.11) 

(4.12) 

where Ci and C2 are unknown constants, X is equal to (3.83/R)( t j / p)'**̂  and J,(A,R7p/'n) is 

the Bessel fiinction of the first kind of order one for XR-^p/r]. With the initial condition v̂ , 

(r,t)=0 at t=0, Cl and C2 can be found which resuhs in: 

löndTi R 

and, hence. 

(4.13) 

(4.14) 

Equation 4.16 expresses the fluid velocity in the weld pool in the case of unidirectional 

stirring during stationary welding. It gives the solution for both the transient state (t < oc) and 

the steady state (t = oc). As an example calculations of the fluid flow velocity in the weld pool 

of a thin plate (specimen type 3) were carried out, using equations 4.14, the materials properties 

given in reference 4, and the welding parameters used in this study (Table. 4.2 for thin plate). 

The resuhs, presented in Fig. 4.21, show the fluid flow velocity as a function of r at different 

time t. 

Table. 4.2. Values used to calculate the fluid flow in a stirred weld pool thin plate of aluminium 

alloys (fiilly penetrated weld). 

Welding current 1 = 80 A 

Magnetic induction B = 15mT 

Weld pool radius R = 6 mm 

Plate thickness d = 3 mm 

Viscosity r\ = l.5 mPa.s 

Density p = 2.3 X 10̂  kg.m-^ 

•̂̂  Data from reference 4. 
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From Fig. 4.21, it can be extracted that for t > 0 the maximum fluid velocity is obtained at a 

certain distance r* from the weld centre. The value of r* can be obtained by taking dv<j, (r,t)/dr 

= 0, which yields 

r* = 0.58R (4.15) 

or about 3.5 mm for the weld pool in the case of thin plate as used in this work. The fluid 

velocities at r* were calculated as a function of time and the results are presented in Fig. 4.22. 

(fl 

-©• 
> 

— 1 = infinity 

- ^ t = 10s 

- ^ t = 5 s 

^ t = 2 s 

-« - t = 1 s 

Fig. 4.21. Calculated fluid velocity v̂ , in a static weld pool of a thin plate under EMS. The fluid 

velocity is presented as a function of the distance fi-om the weld pool centre r at 

different elapsed time t during unidirectional stirring. 

Fig. 4.22. Calculated fluid velocity at the distance r* = 3.5 mm from the weld pool centre in A A 

6060 thin plate under EMS as a fimction of time. 
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From Fig. 4.22 it can be seen that the fluid velocity in the weld pool under unidirectional 

stirring conditions increases with time and reaches a maximum value of about 12 m/s. 

In the case of alternating stirring, the relationship between a square waveform magnetic 

field and the fluid flow profile across a weld pool may be schematically illustrated as in Fig. 

4.23: 

Fig. 4.23. Schematic illustration of the fluid velocity changes due to the changing of the 

magnetic field polarity or direction. 

At time = t i , when the magnetic field is just about going to alter its polarity, the velocity 

of the fluid is maximum in an anticlockwise direction. When the magnetic field direction is 

altered, the direction of the Lorentz force generated wil l follow. Consequently, the fluid flow 

wi l l also change its direction, but not as abruptly as the Lorentz force does. The anticlockwise 

fluid flow first decreases until its velocity is zero, ahers into a clockwise direction and reaches 

the maximum velocity at time = tj. This process is repeated sequentially as the magnetic field 

ahers hs direction periodically. Assuming that the velocity of the fluid at a certain r as a 

function of time has a sinusoidal form, the velocity profile and its relationship with the 

magnetic field signal can be illustrated as in Fig. 4.24. 

From Fig. 4.24, it can be deduced that during ahemating stirring, the required time for 

the fluid to reach the maximum velocity from 0 is equal to a quarter of its one cycle stirring 

period T; t = 0.25T or t = (4f)"\ Using this assumption, the maximum fluid velocity during 
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alternating stirring can then be predicted using equation 4.14. Fig. 4.25 shows the comparison 

between the profile of the fluid flow in the weld pool due to unidirectional stirring and due to 

ahemating stirring. 

B 

V^(r1) 

t=T/4 

Fig. 4.24. Schematic illustration of the relationship between the magnetic field signal and the 

fluid flow in the weld pool under ahemating stirring conditions. T is the period of one 

complete stirring cycle. 

Unidirectional stirring 

t i « ( 4 f ) - ' \ / \ / t 

Fig. 4.25. The fluid velocity in an ahematingly stirred weld pool and the fluid velocity in a 

unidirectionally stirred weld pool. 

Calculations of the maximum fluid velocities for ahemating stirring, with different 

stirring variables, in a fiilly penetrated weld pool in a thin plate have been carried out. The thin 

plate is chosen since its weld pool has a nearly cylindrical shape on which the model is based. 

The material properties, the welding parameters and the weld pool size used in these 
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calculations were the same as those hsted in Table, 4.2. The maximum fluid velocity was 

calculated at r* = 3.5 mm. The resuhs are presented in Fig. 4.26 and Fig. 4.27. 

Fig. 4.26 shows the fluid velocities in the weld pool of a thin plate as a function of 

stirring frequency for various values of the magnetic field strength. The resuhs proves that at a 

given magnetic field strength and welding current, the velocity of the fluid in the weld pool 

decreases with increasing stirring frequency. For instance, at B = 15 mT, the maximum fluid 

velocity at stirring frequency 2 Hz, 7.5 Hz and 15 Hz are about 0.4 m/s, 0.1 m/s and 0.05 m/s, 

respectively. The higher fluid velocity obtained at low stirring frequency is due to the longer 

time available for the Lorentz force to accelerate the fluid. 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

f(Hz) 

Fig. 4.26. Calculated fluid velocity at r* in the weld pool under electro-magnetic stirring 

condhions as a function of stirring frequency for different magnetic field strength. 

Data used for the calculation are given in Table. 4.2. 

Fig. 4.27 shows the fluid velocities in the weld pool of thin plate as a fiinction of 

magnetic field strength at different stirring frequency. The results presented in Fig. 4.27 show 

that for a certain stirring frequency, the fluid velocity v̂ , increases linearly with magnetic field 

strength B. As can be seen in equation 4.14, this linear proportional relationship is also valid for 

the fluid velocity and the welding current. These facts are due to the higher Lorentz force 

produced with either higher magnetic field and/or welding current. 
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Fig. 4.27. Calculated fluid velocity at r* in the v^eld pool stirred with different magnetic field 

strength at frequency 2, 5 and 7.5 Hz. Data used for the calculation are given in Table. 

It is interesting to consider the influence of increasing welding current on the fluid 

velocity in the weld pool. As was just explained, the fluid velocity can be linearly increased 

with welding current. However, h is also known that the weld pool size is increasing with the 

heat input (for instance due to increasing welding current). According to equation 4.14, the 

weld pool size also influences the fluid velocity in the weld pool. As a resuh, when the changes 

in the weld pool width is also taken into account, the fluid velocity may not increase linearly 

with increasing welding current. 

It is also interesting to see whether the fluid flow in the weld pool is laminar or 

turbulent. A rectangular open channel system has been considered as a model to characterise the 

fluid flow in the weld pool. In this approach, the weld pool is considered as consisting of two 

channels, each having an opposite flow direction to the other. 

The Reynolds number (Re) for open chaimel flow is then defined by the equation 4.16 

(after ref. 38): 

4.2. 

Re = 
T\ 

(4.16) 
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Laminar flow occurs when Re < 500. The range from 500 to 2000 is the transition region and 

turbulent flow occurs when Re > 2000. Rh is defmed as hydraulic radius which value is 

determined by [38]: 

A 

WP 
(4.17) 

where A is the cross sectional area, and WP is the wetted perimeter. The wetted perimeter is 

defined as the sum of the length of the boundaries of the section actually in contact with the 

fluid. Figurative expressions for the area A and the wetted perimeter WP are given in Fig. 4.28 

[after ref 38]. 

W = Weld pool radius 

d = Weld pool depth 

A = W d 

WP = W + 2d 

Fig. 4.28. Definition of area A and wetting perimeter WP used to characterise the fluid flow in 

the weld pool. 

Taking rj = 1.5 mPa.s, p = 2.3 x 10'' kg.m"'' and W = R = 6 mm (thin plate specimen case), the 

transition from laminar to turbulent flow (Re = 500) is reached when the fluid velocity is about 

0.22 m/s. In a similar way, it can be shown that the turbulent flow (Re = 2000) occurs when the 

fluid velocity is about 0.87 m/s. Substituting these values into equation 4.14, yields 

combinations of magnetic field strength and stirring frequency that give the fransition from 

laminar to turbulent flow as well fully turbulent flow conditions during welding of thin plate 

(1=80 A, d = 3 mm and R = 6 mm). These resuhs are depicted in Fig. 4.29. The weld 
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microstructures tliat were produced by different combination of stirring parameters obtained in 

this study are also indicated. 

40 
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Fig. 4.29. The relationship between the magnetic field strength and the stirring frequency that 

gives the different modes of fluid flow. The corresponding microstructures of the 

stirred A A 6060 thin plate welds are also shown. 

From Fig. 4.29, it can be seen that the formation of equiaxed or refined grains is starting to take 

place when the fluid flow becomes turbulent (transition from laminar to turbulent). 

By neglecting the spherical shape of the weld pool in partial penetration CPT welds and 

using similar steps to characterise the fluid flow as in the foregoing discussion, a similar trend is 

shown in the case of thick plate specimens. The data used to characterise the fluid flow in the 

weld pool of CPT thick plate under EMS conditions are given in Table. 4.3, while the results 

are presented in Fig. 4.30. From Fig. 4.30, it can be seen that there is also an indication that 

grain refining due to EMS takes place at certain stirring frequency and magnetic field sfrength 

which correspond to the transition from laminar to turbulent flow. Since different assumptions 

have been made in the development of this model, further study to observe the exact fluid flow 

pattern in the weld pool is necessary to verify this suggestion. 
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Table. 4.3. Data used to characterise the fluid flow in the weld pool of CPT thick plate imder 

EMS conditions. 

Welding current 1=120 A 

Weld pool radius R = 3 mm 

Weld pool depth d = 3 mm 

Viscosity Tj = 1.5 mPa.s 

Density p = 2.3x 10^ kg.m"^ 

Fig. 4.30. The relationship between the magnetic field strength and the stirring frequency that 

gives different modes of fluid flow and its corresponding microstructure of the stirred 

A A 6060 thick plate CPT welds. 
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Chapter 5. Conclusions and Recommendations 

5.1. Conclusions 

In this thesis, a systematic study dealing with the influence of electro-magnetic stirring 

(EMS) on the weld microstructure of AA6xxx series is presented. On the basis of the results 

obtained from both the experiments and the proposed fluid velocity model, the following 

conclusions can be drawn: 

1. EMS of the weld pool in the A A 6xxx series lead to a grain refining effect. In agreement 

with the resuhs of other studies, optimal grain refinement was obtained in a particular 

range of stirring frequency and magnetic field strength. 

2. The optimal results of grain refining were indicated to be obtained when the fluid flow in 

the weld pool becomes turbulent. The model proposed indicates that to get an optimum 

grain refining effect and thus an effective fluid flow, besides stirring frequency and 

magnetic field strength, welding current and weld pool radius are also important. 

3. There is a strong indication that the shape of the weld pool determines the depth of the 

grain refining effect of EMS. In a cylindrical weld pool (fully penetrated weld), the grain 

refining effect could be found from the weld surface down to the bottom of the weld pool 

while in a spherical weld pool (partially penetrated weld) the effect is limhed only to a 

certain distance from the weld pool surface. 

4. The Circular Patch test (CPT) can create reproducible hot cracking. The cracks were not 

only developed as a surface crack but also as a sub-surface crack and even developed at 

the weld root. 

5. Straight welding of thick A A 6060 plates also displayed hot cracking even though not as 

severe as that demonstrated in CPT. Furthermore, it was found that hot cracking in straight 

welding of A A 6060 thin plates was welding parameter dependent. However, on the A A 

6060 thin plate welds that experience hot cracking, it appears that EMS improves the hot 



The Effect of Electro-Magnetic Stirring on the Weld Microstructure of Aluminium Alloys 76 

cracking resistance. Further investigation on the relationship between the stirring 

parameter and the hot cracking sensitivity is required. 

6. As far as hot cracking in A A 6060 and A A 6061 is concerned, EMS did not demonstrate 

reduction of hot crack sensitivity in CPT though some degree of grain refining was found. 

This is most likely due to the relatively high restraint in CPT. 

7. Verified by SEM, the hot cracking was marked as an intergranular crack. The weld crack 

surface had a smooth grain boundary with broken flakes-like of solute-rich or eutectic 

substance spread on it. 

8. Temperature measurements of the weld pool indicated that the nominal temperature 

gradient G of the weld pool stirred with low stirring frequency was more reduced than the 

nominal G of the weld pool stirred at high firequency. This might prove that during high 

frequency stirring, the fluid velocity in the weld pool is lower (the mixing of the hotter and 

the cooler hquid is less extensive) compared to that at low frequency. 

5.2. Recommendations 

As discussed in this thesis, the grain refinement effect due to electro-magnetic stirring 

during TIG welding might be obtained when the fluid flow in the weld pool becomes 

turbulent. Further research should therefore be focused on the following topics: 

1. Investigate the exact flow patterns within the weld pool as a means to verify the model 

proposed. The use of a mercury bath [20] and a high-speed camera might prove to be 

useful. 

2. Solve the fluid flow model in the weld pool by taking into account the ahemating 

magnetic field (B as a function of r and t). Besides, a solution of the three dimensional 

Navier-Stokes equation might give a more precise prediction of the fluid flow in the weld 

pool. 
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3. Study whether grain detachment or dendrite fragmentation does exist during EMS. A 

method used by Kou [15] might be beneficial to use. 

4. Study the possibihty of using a constant magnetic field during AC welding (where f = 50 

Hz) with high magnetic field strength. 

5. Continue to study on the relationship between the hot cracking and the stirring parameters. 

6. Study the effect of EMS on the local temperature gradient G at the fiision boundary, i.e. 

where the solidification proceeds. 
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Appendix 1 

Photomicrographs of CPT 

AA6060^T6 Weld 
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Appendix 2 

Photomicrographs of Straight 

Weld of AA6060-T6 Thin Plate 
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Appendix 3 

Photomicrographs of Straight 

Weld of AA6061 Thick Plate 




