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DEFINITIONS

Laser beam welding (LBW): A welding technique used to join multiple pieces of metal through the
use of a laser. The beam provides a concentrated heat source (monochromatic, coherent and
directional light), allowing for narrow, deep welds and high welding rates.

Autogenous laser welding: Laser welding without the use of filler material.

Fusion line: The cut-off area between the weld metal and base metal.

Weld face: The top side of the weld.

Weld root: The bottom side of the weld.

Weld toe: The top and bottom part of the fusion line, visible on the surface.

Heat affected zone (HAZ): The area adjacent to the weld, which did not melt, but was affected by
the heat of the weld. It is a region of altered hardness (less than 90% of that of the base metal) and

variable microstructure.

Keyhole: This is the formation of a vapour pocket surrounded by liquid metal, which is necessary
for deep penetration welding.

Deep penetration welding: Non-conductive welding which requires extremely high power densities
to produce a deep, narrow weld with the depth up to ten times greater than the weld width.

Interface: Discontinuity between two solid layers, e.g. in this study it represents the discontinuity
between the two Al plates to be welded together.

Solution heat treatment: A process in which an alloy or metal is heated to a suitable temperature, is
held at that temperature long enough to allow a certain constituent to enter into solid solution, and is
then cooled rapidly to hold that constituent in solution.
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Heat Treatment Conditions:

F: As fabricated. In this project it is equivalent to “as-cast”;

T4:  Solid solution heated to 540 °C for 6 hours, quenched in water at ambient temperature and
followed by natural aging at ambient temperature for minimum of 5 days;

T4+: Solid solution heated to 540 °C for 6 hours, quenched in water at ambient temperature,
followed by natural aging at ambient temperature for minimum of 5 days and artificial aging
at 170°C for 6 hrs after welding;

T6:  Solid solution heated to 540 °C for 6 hours, quenched in water at ambient temperature,
naturally aged for 20 hrs at ambient temperature and then artificially aged at 170°C for 6 hrs.
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ABSTRACT

Al-Si-Mg casting alloys are being used in automotive applications, aerospace applications and other
applications requiring heat-treatable permanent mould castings that combine good weldability with
high strength and toughness (ASM) (1). These casting alloys are also known for their excellent
castability, corrosion resistance and, in particular, a range of mechanical properties in the heat-
treated condition. A357 aluminum alloy has been extensively used for semi-solid processing for
more than three decades, and a large amount of components like fuel rails, engine mounts, engine
brackets and suspension parts have been produced (2). This alloy is also included in the Statement
for Work between the Council for Scientific and Industrial Research (CSIR) and Boeing Co, USA
@3, 4).

F357, a hypo-eutectic aluminium alloy, Al-7%Si-0.6%Mg without beryllium, was processed with
CSIR-Rheo technology to the Semi-Solid Metal (SSM) state and cast in plates with a 50 Ton High
Pressure Die Casting machine. The castings were either left in the as-cast (F) condition or subjected
to T4, T4+ or T6 heat treatments prior to laser welding.

Welding of aluminium alloys poses many problems like porosity, loss of alloying elements, poor
bead geometry and softening of the heat affected zone. Laser welding is however widely used in
industrial production owing to the advantages such as low heat input, high welding speed and high
production rate. Due to these unique advantages, the potential of autogenous Nd: YAG laser welding
as manufacturing process for this cast aluminium alloy was evaluated. A welding operating window
was established and the optimum parameters were found to be a laser power of 3.8 kW at the
workpiece and a welding speed of 4 m/min with a twin spot laser light configuration. These laser
welding parameters were applied for the welding of the heat treated plates and resulted in very low
weld joint porosity and almost no loss of alloying elements.

The mechanical properties of age-hardenable Al-Si-Mg alloys are dependent on the rate at which
the alloy is cooled after the solution heat treatment. Because of the high cooling rate during laser
welding, the possibility of producing weld seams through deep penetration laser welding, with
mechanical properties matching those of the T6 temper condition, but without a post-weld solid
solution heat treatment, was investigated. The quench rate after laser welding was measured and
compared well with that measured after solution treatment. The resulting mechanical properties of
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F357 aluminium welded in the T4 condition and only artificially aged after welding (T4+
condition), compares very well with the T6 base material properties. The strengthening mechanisms
obtained during laser welding and the different heat treatments were studied by means of
transmission electron microscopy (TEM) and are consistent with the expected precipitation
hardening processes in Al-Si-Mg alloys. The quench sensitivity of SSM F357 aluminium alloy is
thus sufficiently low to obtain such an increase in strength values during laser welding, that no post-
weld solution heat treatment is necessary to achieve mechanical properties to the T6 performance
specification.

(SiR viii B UNIVERSITY OF CAPE TOWN

uar batomrs Seragh suioree



TABLE OF CONTENTS

Declarations. ...........coovoviiiiii e ii
Acknowledgements............cc.oeiiiiiiiiiiii iii
€[0T Y iv
DefiNitioNS. ... ...couvniniiiii e \%
ADSEFACE. ..o e e e e vii
Table of contents............coovuiiiiiiiiiiii e ix
Chapter One........cocoiii et e ree e s e e e e aes 1
INtrodUCHION. ... e 1
1.1  Background............cooiiiiiiiiiiiiiiiiiii e 1
1.2 Research hypothesis...........ccccovviiiiiiiiiiiiiiiiirr e, 1
1.3 Research questions..............ccocoiiviiiiiiiiiiiiviiiiiiieeeeen, 2
1.4 Dissertation layout.............ccoceiiiiiiiiiiiiiiiiiiiiie e 3
Chapter TWO.......c o s e e s s e s s e 4
Literature SUNVEY........coceniiiii et s e s e e 4
2. Background............coooiiiiiiiiiiii e 4
2.1  ThiXOCAStING.......occoeiniiiieiieereieaeeineaaeanearanreanaaeeonns 5
2.2 RheoCaStNE.......cceiniiniiininieneeeeienineneeneeeeaesscnsansasnns 5
23 Laserwelding.........cccooviniiniiiiiiiiiiiiiiiiiie e 6
2.3.1 Laser related variables.............ccccvviviiiinnnnnn.... . 8
2.3.2 Process related variables...............ccociiiiiiiiiiiiinnn 11
2.3.3 Metallurgy of laser welding..................coceiviiinennen. 12
2.4 Laser weldability of aluminium................c.coveiiiniininan. 14
2.5 F357 aluminium alloy.........ccoeieiiniiiieirineniniennennenns 18
2.6 Effect of solution heat treatment and quench rate
on F357 aluminium. ...........coocoiiiiiiiiiiiiiiiiiiceee e 20
2.7 Quench Factor Analysis (QFA).........ccooiiiiiiiiiiiiiiennennn. 23
Chapter Three.........cceveeiiiiiiiiicr et e e 27
Experimental techniques............cccoeeieiiiiiiiii e 27
3.1 Rheo-casting of F357 aluminium............c.ccceeiiiiiiiiiiiiiinennnnne. 27
3.2 Chemical analyses..........coeiuiiuiiuiiniiraeiiriiiieieeenreneaneaneennss 27
3.3 Heat treatments.......cccoiueiinvineeneieneeieeenerenteeneennesscsenssensonness 29
3.4 Sample preparation...........cocveviereiieiiniiniineeniaiiineiacrernesiaaas 30
CSIR i B unuversiry of care rown



3.5 Optimization of laser welding parameters.................cccceveenenn.n.. 31

3.6 Quenchrate MEASUrEMENt..........c.evuverierreeenrinranrnrreereeeeenenaees 38
3.7 Radiographictesting...........c.cociiiiiiiiiniiiiiiiiiiiiiiei e 39
3.8 Stereo and optical MICTOSCOPY........cvvieiiiiiiiniiineienereeeresnenenns 39
3.9 Micro-hardness testing............cocveviiiieiiiinieireienenerireeereneaennn 40
3.10 TensileteSting........cvuiniiiinieiiiiiiiiiiiiieie e eeeeresenee e reeaans 40
3.11 Transmission electron microscopy (TEM)..........cccoevevinivinennnnnn.. 41
03 4 7-To | (=T ol o T T P 44
Results and disCuSSION............ccoviiiiiiiiiiiiiir e 44
4.1 Radiographic ObServations.............ccceeiiiiieiiiieninererieneneenennnns 44
4.2 Chemical analyses of the welds...........ccccevviiiiiiiiinicinenennnnen. 44
4.3  Quench rate determination and Quench Factor Analysis................. 45
4.4  OptiCal MiCTOSCOPY....cceerrrrrerurnereieeernrnresreresasaesrsasarensnsasenans 51

4.4.1 Weld joint characterization................cccoeveveneneiennrennennnnn. 51

4.4.2 Base material characterization..............ccccecvveieviieneennnnnns 52

443 Weld metal characterization...............c.cccevvvieeneneneenennnnns 54
4.5 Transmission electron microscopy (TEM)........cccccevvviieieinennnnnnn. 54

4.5.1 Weld metal characterization of pre-weld T6 treated material.... 54

4.5.2 Weld metal characterization of T4+ treated material............. 57
4.6 Micro-hardness.........ccceiuiiiiiiiireiiiiiiiiiiiiiie e ier e 58
477 Tensile Properties.......cccvuiiiiuiieiiereiiiriiierreriereeneenteaerseneenen 60
Chapter Five.........oeivieiii e 69
CONCIUSIONS. ... e et e e rrer e aes e e e en e 69
References........ccovoeiiii e 72
Appendix A — Experimental detalil....................ccoviiiiiiiiin 80

CSIR x B unuversity of care rown

Sur hutwre Sowugh sviomn



CHAPTER ONE
Introduction

11 Background

Al-Si-Mg casting alloys are being used in the applications involved with weight reduction and
improved fuel economy as well as other applications requiring heat-treatable permanent mould
castings that combine good weldability with high strength and toughness together with a range of
mechanical properties in the heat-treated condition.

A semi-solid metal (SSM) casting process, capable of producing aluminium components of high
integrity and improved performance, has been developed at the Council for Scientific and Industrial
Research (CSIR). This process is based on the concept of decreasing, or even eliminating porosity.
A357 aluminum alloy has been extensively used for semi-solid processing for more than three
decades and has been chosen as base material to be investigated in this study.

Good weldability is a pre-requisite for using Al-Mg-Si alloys. However, welding of aluminium still
results in many problems due to the inherent characteristics of aluminium and in general all welds
formed in aluminium and aluminium alloys exhibit mechanical properties poorer than those of the
base material.

Laser welding has certain advantages when compared to the conventional welding processes. These
advantages lead to high cooling rates which were required for this study. The mechanical properties
of age-hardenable Al-Si-Mg alloys depend on the rate at which the alloy is cooled after the solution
heat treatment. The high cooling rate of laser welding was to be used to eliminate or replace the
post-weld solid solution heat treatment for the T6 temper condition. Laser welding was therefore
chosen as possible manufacturing process to be investigated.

1.2 Research hypothesis

< Deep penetration laser welding can be successfully applied to SSM rheo-cast F357
aluminium in terms of weld quality and properties.
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€ Deep penetration laser joining of SSM HPDC F357 aluminium alloy should be able to
produce weld seams with mechanical properties of the T6 temper condition without the need
for a post-weld solid solution heat treatment. Because of the high processing speed, high
thermal conductivity of the metal and low heat input, the cooling rate during LBW should be
high enough to obtain sufficient supersaturated solid solution in the weld metal with
minimal affect to the parent metal properties (i.e. very small or no HAZ), in order for its T6
mechanical properties to be achieved only with a post weld aging treatment. '

% As a result of the high cooling rate, the finer microstructure (although dendritic) of the weld
metal, compared to that of the base metal, should be able to contribute to its strength.

% High welding speed and good gas protection should retain the chemical composition of the
weld metal. Consequently, the differences in mechanical properties after heat treatment
caused by compositional differences between the weld metal and base metal should be
negligible.

1.3 Research questions

The following research questions needed to be addressed:

% Can an envelope of permissible parameters be determined for deep penetration laser welding
of SSM rheo-cast F357 aluminum which will produce defect-free seams, with acceptable
properties?

4 Can laser beam welds be produced with mechanical properties virtually indistinguishable
from the base material in the T6 temper condition, as opposed to the thermal damage caused

by conventional welding processes?

& Does SSM F357 have sufficient quench sensitivity in order to obtain such an increase in
strength values during welding, that no post-weld solution heat treatment should be

necessary to achieve mechanical properties to the T6 performance specification?

% What are the microstructural characteristics within the optimised area of the LBW window?
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% Are the strengthening mechanisms obtained during laser welding and the different heat
treatments, consistent with the expected precipitation hardening processes in Al-Si-Mg
alloys?

1.4 Dissertation layout

This research work is presented in five chapters. Chapter one introduces the research topic and the
objectives thereof. In Chapter two a literature review of relevant research is presented. The
experimental procedures applied during this research are detailed in Chapter three. In Chapter four
the results are presented and discussed and the conclusions which were drawn from the results are
stated in Chapter five.
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CHAPTER TWO
Literature Survey

2 Background

It is now well established that the automobile industries are increasing the use of Al-alloys in order
to reduce weight and improve fuel economy. Over the past 18 years the usage of Al almost doubled
for cars and tripled for light trucks, resulting in Al castings currently fulfilling the bulk of the
automotive and mass transport industry’s needs. A large proportion of these castings are produced
by the high-pressure die-casting (HPDC) process. However, the porosity, low plasticity and fatigue
life of components manufactured by the HPDC process, limits the quality thereof and thus the
application of these components in high-safety and pressure tightness systems. HPDC components
are not heat treatable and possess poor weldability (5).

New processes, capable of producing aluminium components of high integrity and improved
performance, were and still are being developed that compare well with the HPDC process in terms
of production cost and efficiency. One such process is semi-solid metal (SSM) casting which is
based on the concept of decreasing, or even eliminating porosity. In addition to entrapped gas
porosity, SSM processing can also reduce the shrinkage porosity due to much reduced processing
temperatures (between solidus and liquidus) and the formation of a specific volume fraction of the
primary phase prior to mould filling (2).

A semi-solid metal is a thixo-tropic metal (becoming temporarily liquid when sheared and then
turning to a gel when static) used in casting and forging operations. For a metal to be thixo-tropic, it
must be heated to the semi-solid region of tempcratures and have a globular microstructure at the
processing temperature instead of a dendrite one. If these conditions are fulfilled, the metal slurry
can be formed in a die by a High Pressure Die Caster (HPDC) or a forging machine (6). Nowadays
high pressure die-casting is the most applicable process and casters up to 3000 tons are in operation.

There are two versions of SSM technology which can produce metal slurry with the desirable
globular structure in terms of shape and size and at a proper semi-solid casting temperature. These
are the Thixo-casting and Rheo-casting processes.
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2.1  Thixo-casting

Thixo-casting is a two step process. The molten alloy is at first solidified in billet form which will
then be heated to a temperature in the liquid/solid interval so that the material can be injected into a
die or subjected to a forming process by means of forging (5).

In the first step, a continuous casting process, upgraded with a stirring device, is used to produce
solidified metal with a non-dendritic structure. Rods with diameters from 3" to 6" are cast. There
are only a few companies in the world which are specializing in this casting/stirring technology and
they are all situated in the Northern Hemisphere. During the second step, the rods are cut to billets
prior to being heated in an induction machine to the desired temperature. During the heating
process, slurry billets with globular structure suitable for SSM forming are produced. A big
disadvantage of the thixo-casting process is that the scrap and returns cannot be recycled on site (6,
.

2.2 Rheo-casting

Rheo-casting is a one step process. The molten metal is treated by cooling or by cooling/stirring
from liquid to semi-solid temperature in order to produce slurry which contains globular solid phase
particles and is then injected directly into the die (6, 7).

The big advantage of the rheo-process in comparison with thixo-process is that the slurry with
globular structure can be made on demand and “in-house”. The stock material can be any standard
cast alloy used in other casting methods like squeeze, gravity or HPD casting and therefore does not
need to be specially prepared imported material with non-dendritic structure. Scrap and runners can
be re-melted in the rheo-casting machine and this fact contributes to a lower production cost (6, 7).

Under optimized conditions, the main technological characteristics of the rheo-casting are as
follows (5, 8, 9):
« Very low shrinkage and production of near net-shape parts, due to the small temperature
range over which solidification of the castings takes place;
. A fine and uniform microstructure due to enhanced effective nucleation and spherical
growth of primary crystals during solidification;
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Very low macro gas porosity due to laminar filling and good venting;

No inter-dendritic micro porosity due to the non-dendritic crystallization;

Very good mechanical pfoperties, especially elongation and fatigue, due to elimination of
most of the cast defects and globular microstructure;

Production of thin walled components is possible;

Long die-life due to low thermal shock as a result of low casting temperatures;

Components can be joined by welding;

Heat treatment from TO - T7 is possible, without compromising surface quality or
dimensional control;

Low production cost due to in-house, tailor-made cast metal and low scrap rate;

Excellent surface quality;

Allows for the casting of a wide range of alloys including high strength wrought alloys.

A new Rheo-Casting process has been developed at the CSIR (8) and was recently patented
worldwide (9, 10). Process equipment has been designed and constructed and the technology was
applied for casting of automotive components. Further development for commercialization is in

progress.

23

Laser welding

A laser beam, as a controllable, clean, and concentrated high-intensity heat source, can readily heat,
melt, and evaporate almost all materials and has therefore been used as a welding heat source. Laser
welding is widely used in industrial production owing to the advantages such as (11):

Low and precise heat input, thus less thermal distortion and greater accuracy;

Small heat-affected zone;

Deep and narrow fusion zone with almost parallel fusion boundaries—the aspect ratio
(depth/width) of keyhole laser-welded seams is commonly around 4:1;

High productivity resulting from high welding speed;

Welding of a wide range of materials (steel, Al, Mg, Ti, superalloys) and dissimilar
materials;

Good process flexibility and reliability;

Ease of automation.
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Laser welding is generally done in either the conduction or deep penetration (keyhole) mode. In
conduction welding, the surface of the material is heated to above its melting point but below its
vaporization temperature and fusion occurs only by heat conduction through the welding melt pool.
A weld bead with a hemispherical cross section with an aspect ratio of 1.2 or less is formed in a
similar manner to conventional fusion welding processes. Conduction welds are limited to materials
with thin thickness (11, 12). In contrast, keyhole laser welding needs a higher power density to
cause local vaporization. Thus, a narrow and deeply penetrated vapour cavity surrounded by molten
metal (Figure 1), with an aspect ratio higher than 1.2, is formed by multiple internal reflection of the
beam. The basic difference between the two modes is that the surface of the weld pool remains
unbroken during conduction welding but opens up to allow the laser beam to enter the melt pool in
keyhole welding (12). The conduction mode causes less perturbation of the weld pool and thus
provides lower tendency to entrap oxides and gases during welding. In keyhole welding the laser
beam is fully absorbed inside the keyhole and the high level of reflection of the laser beam which is
characteristic of conduction mode welding is largely eliminated. Keyhole mode welding, therefore,
results in better energy coupling, higher penetration, and high welding speed which are necessary
for economic justification (12). Therefore, most applications of laser welding utilises the deep

penetration process (11, 12).
laser beam

e e X vanour
d

e

| &
Figure 1: Deep penetration (keyhole) mode laser welding (11), showing the vapour pocket

surrounded by liquid metal necessary to produce a deep, narrow weld.

High-power density at the work piece is crucial to achieve keyhole welding and to control the
formation of welds, because the energy absorbed should be sufficient to generate and maintain the

keyhole. A threshold power density is required to establish the keyhole. The parameters affecting
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the threshold power density (irradiance) include the absorptivity of the surface, thermal
conductivity and diffusivity of the alloy, heat required to bring the alloy to melting point, heat of
melting, beam diameter, travel speed of the beam and joint configuration (trapping of beam will
enhance absorption) (11, 13).

Because aluminium is highly reflective and has high thermal conductivity and diffusivity, high laser
densities are required for welding of this material. Commercially available laser sources which are
capable of producing sufficiently high power output include CO, Nd:YAG and fibre lasers. The
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser is often the laser of choice for
aluminium welding, because the easy manipulation and control of Nd:YAG lasers through optical
fibre delivery provides welding opportunities for complex geometries in which overhead, vertical,
horizontal, or all-position welding may be carried out (11).

2.3.1 Laser related variables

For a given welding speed the weld penetration depth increases with an increase in the laser power.
Similarly for a given laser power the penetration depth decreases with an increase in welding speed.
Currently the maximum penetration depth for laser welding is around 25 mm. Excessively high
laser power may result in the formation of a laser induced plasma or plume which shields the
keyhole from the incident laser beam and reduces penetration (11, 12).

For laser welding the laser beam is focussed onto the workpiece. At the same output power, smaller
focus spot size means higher power density but the welds may become too narrow or even not fully
fused. Laser welded seams are usually less than one-quarter the width of a tungsten-arc inert gas
(TIG) weld for the same material thickness. Joint fit-up and beam alignment are more critical for a
small spot size, thus the processing operation window is reduced with the smaller spot size. The
high power density associated with a small spot size may also lead to more loss of elements by
vaporization as well as spatter which causes undercut and underfill defects. Thus, excessively small
spot sizes seldom ensure good welding performance. For a fibre-delivered Nd:Y AG laser beam, the
spot diameter is dependent on the fibre core diameter and the optical system used for collimating
and focusing the beam. Increasing the fibre diameter leads to larger spot diameters and typical spot
sizes in industrial laser welding range from about 0.1 to 1.0 mm, with 0.3mm being a common size

(11).
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The focal plane position is the position of the focal spot, or minimum waist diameter, relative to the
workpiece surface. Straying outside the depth of focus (DOF) in relation to the workpiece is unwise
because small deviations cause large variations in beam diameter. The focus plane should be set
where the maximum penetration depth or best process tolerances are produced. Focusing the laser
beam above the workpiece (positive defocusing) produces more plasma which defocuses the beam
and reduces the irradiance on the surface, but the keyhole is inherently more stable. The placement
of the laser beam focus on or below (negative defocusing) the surface of the workpiece can
optimize the laser beam coupling to the material and increase the irradiance inside the weld pool,
resulting in lower threshold power density for keyhole formation and therefore a larger weld pool
size at negative defocusing compared to the same extent of positive defocusing at a given power
and spot size. By slightly focusing the beam below the surface of the material, welding speed could
be increased for the same penetration depth than when focusing the beam at the material surface
(11, 13). |

Different focal lengths are obtainable in laser welding by means of different optical lenses. The
focal length determines the laser beam waste diameter, convergence angle and depth of focus. A
shorter focal length makes the setting of the focus position more critical, because of less tolerance
to the variation in position of the workpiece. A shorter focal length also generates spatter, thermal
and vapour damage to the cover- slide glass used to protect the focusing optic and reduces the laser
beam’s ability to access certain joints and narrow gaps. A longer focal length requires significantly
greater power levels to induce keyhole formation and typically, focal lengths of 100 to 200mm are
used (11).

Both pulsed wave (PW) and continuous wave (CW) lasers are used for welding of aluminium
alloys, but for a first approximation, CW laser welding is used for high speed welding, whereas PW
lasers are used for precision welding. Also, either a single beam or multi-beam technique can easily
be realised. The term multi-beam or multi-focus is used when more than one spot is produced by
combining several beams or by splitting a single beam into several foci. The multi-beam technique
originated due to the need for improvement in the process performance and in general can increase
the power density of the process, thus increasing the penetration depth or welding speed (11). With
single beams, the standard methods to enlarge seam width are to reduce travel speed or defocus the
beam. Defocusing the laser beam however results in lower process efficiency, e.g. reduced power
density and thus reduced weld penetration depth. The multi-focus technique on the other hand can
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bridge larger gap widths and produce less sensitive weld geometry by widening the keyhole
opening, keeping the weld pool molten for an extended period of time and thus ensuring an
unhindered escape of evaporated material and the flotation of gas / inclusions. As a result,
blowholes and cavities of irregular shape and large size can be drastically reduced or even avoided.
Multi-focus techniques can also increase flexibility for adapting power density distribution to
geometrical requirements of the joints to control the heat input (11, 14, 15). When using only two
spots, it is known as “twin-spot” or “twin-beam” method.

The multi-focus spots can be diverted either longitudinally in the laser beam direction or
transvérsely in the horizontal plane. In the longitudinal arrangement, the distance between the
beams can be changed by adjusting the focal length. When diverted transversely in the same
horizontal plane, the points can be oriented in any direction to the welding direction and with the
opportunity to balance the energy distribution between the points. Typical configurations in the
horizontal plane include parallel (cross) or tandem (in-line) arrangements. Compared to the single-
beam process, the multi-focus technique provides additional controlling parameters such as the
number of foci, spot distance, power distribution, orientation angle to the welding direction and
beam arrangement. Small distances between the foci lead to deep and narrow weld seams, whereas
large spot distances result in shallow and broad seam geometries. An in-line arrangement of foci
leads to high penetration depths resulting from the preheating effect of the first beam. By contrast,
the cross-arrangement leads to broad seams (11, 15). However, under certain multi-focus conditions
and optimum parameters, it was found that there is no great difference in penetration for cross and
in-line arrangements. It is also thought that the beam arrangement has less influence on process
stability than the beam distance, especially in partial penetration welding (15).

The distance between the multi-focus beams can be changed and can range from zero (i.c. a single
spot) up to the maximum value applicable for a specific system set-up. It has been observed that the
penetration depth becomes shallower when a longer beam distance is used and it is attributed to the
weaker interaction of the dual beams, which can be explained in terms of energy efficiency
calculated by the ratio of absorbed energy to input energy. It is therefore important to choose an
optimum beam distance that provides both stability and penetration depth (15).

GiR -10- E UNIVERSITY OF CAPE TOWN
ITUMIVESIING YASEKAPA « UNIVERSI1EIT VAR CAAPSTAD

o ltrerss thringh avienes



2.3.2 Process related variables

Welding speed is a function of material, laser power, and penetration depth. Penetration is inversely
proportional to the speed for a given mode, focal spot size and power and an increase in welding
speed at constant laser power therefore results in a corresponding decrease in penetration depth and
weld volume, because of the reduction in the heat input applied to the component. The welding
speed for a given thickness or depth of penetration increases with power. When the welding speed
is too low for a given power and material thickness it leads to excessive melting, sagging, loss of
material and weld perforation. Higher welding speeds reduce alloying element evaporation and
produce fine microstructures, causing an increase in tensile strength of the weld. The range of
welding speeds that produce acceptable welds varies with laser type, material properties and
thickness, but the economic objective is always to maintain welding quality at high welding speed

(11).

Inert gas shielding is normally applied during welding to prevent face and root oxidation of the
weld metal, to prevent degradation of the weld by controlling the convection in the melt pool, to
suppress the formation of a plasma plume and to protect the optic lenses from weld spatter and
fumes (11). A poorly shielded weld will exhibit porosity, undercut, and bead roughness. In order to
prevent oxidation during welding, it is required from the shielding gas to displace all the air /
oxygen away from the weld surface (11). Process gas should thus be present in the welding
interaction region and close control of the underbead shielding is also required to achieve a smooth
underbead. Gas flow is dictated by the shield geometry, type of nozzle, nozzle configuration, nozzle
diameter, pressure, and mass flow rate (16).

Most laser welding systems use a small diameter, gas jet tube placed at an angle of 30° - 60° to the
metal surface and aiming at the laser beam spot on the metal surface where the metal vapour is
coming out of the keyhole (13). The stand-off distance between shielding gas nozzle and the work
piece differs from application to application and gas may be delivered coaxially or from a separate
nozzle (off-axis). The off-axis gas jet (nozzle) can be either leading (gas flow direction is opposite
to the welding direction) or trailing (gas flow is in the same direction as the welding direction.).

Pure helium, a helium—argon mixture or pure argon is often preferred as shielding gas. Helium has
higher ionization potential and therefore resists plasma ignition and offers greater weld penetration
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and smoother weld surface (17). However, it is much more expensive than argon and helium is
lighter than air, thus it tends to rise away from the weld. Argon usually provides better shielding for
Nd:YAG lasers (18) and is both cheaper than helium and heavier than air, but is readily ionized by
the metal plasma and thus absorbs considerable laser energy. The percentage of absorption rises
with increasing power levels, but at lower power levels the energy absorption beneficially slows the
solidification rate and yields smoother beads than when produced in helium. The best solution may
be a compromise, i.e. a mixture of helium and argon. Welds produced with argon as the shielding
gas exhibited root and centerline porosity while helium produced finely distributed porosity (11).

2.3.3 Metallurgy of laser weiding

Laser welding is a fusion welding process and therefore also produces three different metallurgical
regions, namely fusion zone (FZ), partially melted zone (PMZ) and heat affected zone (HAZ).
These regions are categorised according to the temperatures experienced during welding and are
generally narrower than those of conventional welding processes. The solid material that surrounds
the weld pool acts as a heat sink and leads to high temperature gradients at the interface (19)
resulting in solidification rates of up to 10° °C/s for high energy density laser and electron beam
welding processes. The fusion zone, which is completely melted at temperatures above the liquidus
of the alloy, is characterised by fine-grained microstructures due to the high solidification rates (19).
The grain structure in laser—-welded AASxxx and AA6xxx Al alloys primarily consist of fine
columnar dendrites originating from the fusion line and some equi-axed grains in the weld centre
(20), with the amount of equi-axed grains decreasing with increasing travel speed (21).

The columnar dendritic morphology has crystallographic orientation identical to that of the
adjoining solid at the fusion line because of epitaxial growth from the adjacent melted substrate
(19). The columnar grains grow approximately normal to the welding direction when welded at
higher speeds. In contrast, welds produced at lower travel speeds have their columnar grains curve
away from the normal to the welding direction and align themselves with the welding direction. The
orientation of the grains was reported to have important effects on the ductility of the welds (21).

The PMZ experiences maximum temperatures ranging between the eutectic and liquidus
temperatures of the alloy and the low melting point eutectic phases therefore commonly meet at the

GiR -12- E UNIVERSITY OF CAPE TOWN
ITUNIVESITHI TASIKAPA « UNIVERSITEIT VAN KAAPSTAD

Sur Sture Sumugh svionne



recrystallized grain boundaries during laser welding. The partially melted zone in laser-welded Al
alloys is very narrow, approximately one or two grains wide (19, 20).

The HAZ has its maximum temperature below the main eutectic temperature of the alloy, thus no
bulk metal melting happens in this zone during welding. The softened region is defined as the
region where hardness values fall below 90% of the base metal hardness. Thus, although the HAZs
of laser-welded joints are very narrow, many solid-state reactions such as grain growth and
precipitate coarsening may occur (19, 20).

For the heat-treatable alloys, the thermal cycle associated with the welding process will destroy the
temper in the weld and HAZ. Hirose et al. (22) measured the hardness distribution of 2.5kW CO,-
welded 6061-T6 alloy joints in the as-welded condition. It was found that there is a large drop in the
hardness of weld metal with minimum hardness occurring in the HAZ. The large drop in WM
hardness is mainly due to loss of precipitates (dissolution of strengthening phases and the formation
and growth of non-strengthening phases, i.e. full or partial reversion of Guinier-Preston (GP) zones
and formation of incoherent precipitates). Loss of hardness in the HAZ is mainly due to overaging.
Natural aging can partly recover the loss of hardness in the weld metal and heat-affected zone but
not restore the hardness to the same level as that of the base metal. Solution and aging heat
treatments after welding can be used to recover the hardness to the level of the base metal
However, it is undesirable to perform solution treatment at high temperatures after welding (19).

The mechanical properties of weld joints are mainly controlled by welding defects, composition,
microstructure and metallurgical states of the weld metal and neighbouring base metal. The
presence of defects such as undercut, underfill, porosity and cracks will reduce the mechanical
properties of the joints. Alloy composition dominates solid solution and precipitation strengthening.
Selective vaporization of volatile constituents from the laser-welded fusion zone degrades the
mechanical properties of weld metal In solid solution-strengthened alloys, loss of alloying
elements such as Mg has been reported to reduce the strength and hardness of weld metal because
of reduced solid solution strengthening (19, 23). The reduction in Mg concentration was, however,
reported to be much less pronounced in keyhole mode than in conduction mode. This is because of
the smaller surface to volume ratio in keyhole welds compared to conduction welds and
vaporization happening on the surface. The reduction in Mg concentration is also much less
pronounced at high power levels and high travel speeds (21).
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Increased welding speeds results in higher strengths for most aluminium alloys because of
decreased losses of alloying elements, finer microstructures, and minimized undesirable
microstructural changes in the HAZ. Therefore, the fastest welding speed possible should be used to
achieve the highest strengths (23). However, the welding speed is limited by that required for a
stable keyhole. At high welding speeds it is more difficult to stabilize the keyhole which could lead
to increased porosity.

24 Laser weldability of aluminium

Weldability is defined as: “The capacity of a material to be welded under the imposed fabrication
conditions into a specific, suitably designed structure and to perform satisfactorily in the intended
service” (24). When evaluating the weldability of materials, the following must be considered (25):

« Possible variation in chemical composition of the weld;

» Uniformity of mechanical properties;

« Level of fracture toughness;

« Degree of surface defects;

« Quantification of metallic inclusions;

« Internal soundness;

« Microstructure;

. Joint geometry;

« Any other application-specific implications.

Good weldability, therefore, starts on the foundry floor where the metal is cast, because impurities
and porosity must be kept to a minimum.

Laser weldability of a material greatly depends on the physical properties of that material and
although laser welding has become a critical joining technique for aluminium alloys, it is far from a
mature and reliable process. All aluminium alloys possess certain inherent characteristics, such as
low absorptivity to laser radiation, tenacious oxide films, low boiling point elements, high thermal
conductivity (as stated above), high coefficient of thermal expansion, relatively wide solidification
temperature ranges, high solidification shrinkage, a tendency to form low melting constituents, low
viscosity and high solubility of hydrogen in the liquid state (11). All these characteristics lead to
many problems like lack of penetration, porosities, blowholes and liquation/solidification cracks in
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the weld bead. Laser welding of aluminium is also particularly sensitive to the loss of alloying
elements, e.g. Mg and Zn, due to their high vapour pressures, which can have a profound effect on
the strength of welds (11, 12, 24). Inconsistent welding performance can thus be encountered in
laser welding of aluminium alloys. Industry, on the other hand, will certainly expect a predictable,
repeatable, consistent, and reliable laser welding technique before the process is widely accepted.
Much work should therefore be done to define parameter operating windows for the different alloys
of interest to produce defect-free laser-welded joints and wider welding operating windows are
welcomed for wider applications of laser welding processes. Process specifications for laser
welding of aluminium alloys should also be built up to assure the reliable production of aluminium
joints (11).

Due to the above-mentioned inherent characteristics of Al alloys, typical power densities needed for
aluminium keyhole welding are 1 - 2x10° W/cm?. Power densities close to the threshold may result
in inconsistent weld quality or even in no coupling of laser energy-to-workpiece. Power density that
is too high may cause spatter, undercut, underfill, and “drop out” (11, 13). In practice, it is generally
advisable not to exceed 10’ W/cm’ to avoid heavy ejection of molten material (12). It has also been
shown that the threshold power density is reduced with the increase of volatile alloying elements
(e.g. Mg, Zn and Li), because these elements help to establish and stabilise keyholes when
vaporising because of their high vapour pressures and lower vaporisation temperatures (20, 26).

The surface condition of the material also has a great influence on the energy absorption of incident
laser light and hence on the threshold power density required for keyhole welding. A polished
surface has lower absorptivity, indicating higher reflectivity of the smooth surface while a sand-
blasted surface has twice the absorptivity than a typical as-received surface, indicating that rough
surfaces absorb more energy than do smooth ones (27).

Laser welding can be performed with or without filler material and in various environments.
However in autogenous laser welding where no filler material is used tolerance to fit-up is low.
Butt welding usually requires a machined joint to minimize the gap between the parts. Part fit-up
must be good enough to maintain the alignment between the beam and the joint and to avoid bead
concavity caused by air gaps. The typical joint fit-up tolerance is 10% of the material thickness with
a maximum tolerable gap width of 0.3mm for dual beam laser welding (11).
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There are also stringent requirements for the clamping and fitting of workpieces, because the small
laser beam diameter leaves little tolerance for the variation of workpiece positions. Compared to
traditional welding, the laser process produces a very narrow weld bead, with minimum thermal
distortion, but excessive heat input during aluminium welding can cause considerable distortion,
particularly in thin sheets. Aluminum components, therefore, should be carefully fixtured before
welding to assure the repeatable accuracy of welding joints in a production environment (11).

Aluminium usually has continuous oxide layers on the workpiece surface because of its high
chemical affinity for oxygen. A high-power Nd:YAG beam can easily penetrate the surface oxides
and produce consistent welds of aluminium alloys in the as-received condition, but the porous oxide
films contains moisture which is absorbed especially over extended periods in high humidity and
fluctuating temperature environments. The presence of the oxide layer will cause porosity in the
welds due to the dissociation of moisture which will induce hydrogen porosity (20). Therefore,
some traditional techniques such as mechanical scraping / wire brushing, or chemical etching are
recommended to remove such oxides in preparation for welding. In addition, workpiece surfaces
may also contain some lubricants, such as oils, or may be specially treated. Little is known about
the effects of these surface conditions on the absorptivity of laser beams and the welding
performance of Al alloys (11), but it is known to produce hydrogen porosity (20).

The porosity in aluminium laser welds can also be caused by a variety of other factors, including the
welding speed, focusing conditions and keyhole instability. It seems that the collapse of the keyhole
during welding plays an important role in the production of pores, because pore-free welds can be
produced at higher welding speed and high beam intensity, which are keyhole stabilizing
conditions. Vaporization of Mg or Zn during welding also plays a significant role in cavity
formation (19).

Hydrogen is the only gas that is appreciably soluble in aluminium and its alloys. All gas porosity
precipitated in aluminium alloys is thus attributed to hydrogen because hydrogen is highly soluble
in molten aluminium and is therefore readily absorbed during welding. During the cooling and
solidification of molten aluminium, dissolved hydrogen in excess of the extremely low solid
solubility is rejected at the solid-liquid interface, resulting in the formation of bubbles. Unless these
bubbles can escape to the melt surface, gas porosity will be present in the solidified metal. No
tolerable hydrogen content limit has been reported for laser-welded joints in aluminium alloys (19).
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High cooling rates are unfavourable for the growth and flotation of hydrogen bubbles because of the
decreased time available for the diffusion or flotation of hydrogen. Thus, the high cooling rates
experienced in laser welding lead to the formation of small bubbles (micropores) and lower pore
number densities and volume fractions (28). Hydrogen in aluminium is mainly formed by the
release of hydrogen through the reaction of molten aluminium and water vapour. This may originate
from porous oxide layers containing moisture. Grease, oil, dirt, paint or other contaminated surface
layers on the workpiece contain carbohydrates and/or water which also release hydrogen in the weld

pool (19).

Even with proper surface preparation, aluminium alloys are still susceptible to random macro-
porosity caused by the collapse of keyholes or turbulent flow within the weld metal. Keyhole
stability during laser welding depends to a high degree on the balance of forces active inside the
keyhole. Upon the establishment of the vapour cavity, the fluid forces of the molten pool are
balanced by the vaporization pressure within the cavity (29). The inherent instability of keyholes
may lead to periodic collapse of the liquid metal surrounding the vapour cavity and thereby causing
the formation of periodic voids. They are large enough to be visible with X-ray analysis and are
usually located in the keyhole path, whereas hydrogen pores are more or less equally distributed
with slight enrichment at the fusion line (29, 31). One way to reduce this type of porosity is to keep
the keyhole stable, but this is only achievable in high-speed welding (30). Another approach relies
on the “shaping” of the keyhole geometry with multifoci Nd:YAG systems (19).

Laser-welded joints are characterized by high degrees of anisotropy and the inhomogeneity of the
joints will have important effects on their mechanical properties and service. The condition of the
material before welding has also been shown to be critical for the strength obtained after laser
welding. If welded in T4 condition, the tensile strength of heat-treatable alloys is lowered to
between 65% and 85% of that of the base metal but the yield strength remains unchanged, whereas
aluminium alloys in T6 condition show reduction in tensile and yield strengths of between 65% and
85%. The autogenous butt joints usually fail in the weld metal, whereas the joints with addition of
filler metal fail in the parent material/HAZ (19, 31).

In general, all laser welds performed in aluminium and aluminium alloys exhibit mechanical
properties which are poorer than those of the base metal (12, 32). However, some claims have been
made that welding wrought aluminium in the solution heat-treated temper (T4) condition followed
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by only a post-weld artificial aging treatment will recover the hardness of the entire weld, almost to
the same level as that for the base metal (22, 33, 34).

2.5 F357 aluminium ailoy

Al-Si-Mg casting alloys are being used in automotive applications, aerospace applications and other
uses requiring heat-treatable permanent mould castings that combine good weldability with high
strength and toughness (1). These alloys are also known for their excellent castability, corrosion
resistance and, in particular, a range of mechanical properties in the heat-treated condition. A357
aluminum alloy has been extensively used for semi-solid processing for more than three decades,
and a large amount of components like fuel rails, engine mounts, engine brackets and suspension
parts have been produced (2). This alloy is also included in the Statement for Work between CSIR
and Boeing Co, USA (3, 4).

F357 aluminium is an Al-7%8Si-0.55%Mg alloy which in this study also contains 0.025%Sr as a
microstructural modifier. The difference between alloys F357 and A357 is in their beryllium
content, with F357 containing no Be. The addition of beryllium to this alloy system (A357) leads to
a change in the morphology of the iron rich intermetallics, which results in slightly better ductility.
Alloy A357 is gradually being phased out in many applications due to the carcinogenic effects of
beryllium, particularly at higher concentrations used during the preparation of the alloy (35).

F357 is a heat-treatable alloy with a relatively high eutectic content and due to the normally low
porosity no distortion and/or blistering of the components are obtained. These castings are usually
heat-treated to obtain the desired combination of strength and ductility. Age hardening has been
recognized as one of the most important methods for strengthening aluminium alloys and involves
strengthening by coherent precipitates that are capable of being sheared by dislocations (36).

The heat treatment of age-hardenable aluminium alloys involves solution treatment followed by
quenching and then either aging at room temperature (natural, T4 temper) or at an elevated
temperature (artificial, T6 temper). In the solution heat treatment, the alloy is heated to a
temperature just below the eutectic temperature of the alloy for sufficiently long times to produce a
nearly homogenous solid solution. The alloy is then quenched to room temperature at a rate
sufficient to inhibit the formation of Mg-Si precipitates, resulting in a non-equilibrium solid

GiR -18- E UNIVERSITY OF CAPE TOWN
. ITUNIVESITHE TASIKAPASUNIVERSITIIT VAR KAAPYTAD

O buturn Gvaugh soimean



solution which is supersaturated. During age hardening, the alloy is heated to an intermediate
temperature (below a meta-stable miscibility gap called Guinier-Preston (GP) zone, solvus line)
where nucleation and growth of the Mg—Si precipitates can occur. The precipitate phase nucleates
within grains and at grain boundaries as uniformly dispersed particles. The holding time governs the
extent to which precipitate growth occurs and the mechanical properties that are attained (37). It is
well accepted that the precipitation sequence responsible for age hardening of Al-Si-Mg alloys is
based on the Mg,Si precipitates, represented by the following stages (38, 39):

osss — GP zones— " = — 8

where agss stands for « supersaturated solid solution, 87 and 8’ are the meta-stable precursors of 8,
and B is the equilibrium Mg,Si phase.
AK Gupta, et.al. describe it as follows (40):

SSS — (Mg+Si)ousirs / GP(Daphericat = 8" / GP(Maosties = Brods + Si + 0thers — Bases + Si

The strength of the alloy is determined by the size and distribution of precipitated particles as well
as the coherency of the particles with the aluminium matrix (41). The natural aging response of
these alloys is considered to be due to (Mg+Si) clusters/particles and GP zones, whereas peak
hardening with artificial aging results from the precipitation of the meta-stable and coherent 8"

Mg is thus intentionally added in these castings to induce age hardening and thus strengthening. An
increase in Mg content results in an increase in strength, due to the formation of a higher density of
hardening §-Mg,Si precipitates (42). However, the increased Mg content decreases the ductility
and fracture toughness of the material. This suggests that, while Mg achieves the aim of making the
aluminium matrix age-hardenable, it might also influence the microstructure and particularly the
type and morphology of brittle phases (5, 32). It was however observed that the ductility was also
affected by the combination of Mg and Si concentration. Higher silicon level led to a reduced
ductility even after a long solution treatment, which resulted from the increased amount of Al-Si
eutectic. Thus, solution heat treatment of the foundry alloys leads to two more-or-less competing
changes in the microstructure. On the one hand, micro-stresses from the formation of meta-stable
-MgSi precipitates lead to an overall reduction in ductility in the aluminium; on the other hand,
the solution heat treatment leads to changes in the silicon’s morphology, hence increasing the
ductility (42).
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The objectives of quenching are to suppress the precipitation during quenching as well as to retain
solute atoms and quenched-in vacancies in solution (43). Cooling rates should be selected to obtain
the desired microstructures and to reduce the duration time over certain critical temperature ranges,

e.g. regions where diffusion of smaller atoms can lead to precipitation at potential defects (44).

The best combination of strength and ductility is achieved from a rapid quenching. However,
although a high quench rate is essential to achieve high strength, in many cases such a quench rate
can not be used due to problems with high internal stress and distortion. This is especially true for
cast components with complex shapes and thin sections. To ensure that the minimum required
strength is obtained throughout a cast component, the effects of quench rate on the strength of

casting alloys need to be understood (46, 47, 47).

In a study done on cast Al-7%Si-0.4% Mg alloy, it was reported that the average quench rate within
the temperature range of 200°C to 450°C was the most critical in influencing the strength. Quench
rates in the range of 0.5°C/sec to 250°C/sec were investigated after the samples were solution
treated at 540°C for 14 hours and subsequently aged at 170°C for 6 hours. From Figure 3 it can be
seen that the peak hardness wasn’t affected by the quench rate when the quench rate was higher
than 110°C/ sec., but when the quench rate was reduced to 0.5°C/ sec, the peak hardness decreased

to only about 78% of the peak hardness obtained with 250°C/ sec. (43).
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From the microstructure analysis, it was observed that the quenching condition only influenced the
nature of Mg,Si-type precipitates in the a-matrix produced during the subsequent artificial aging
and did not influence the size and shape of eutectic silicon. TEM examination of the peak-aged
samples showed only 8”-Mg.Si precipitates (3-4nm diameter, 10-20nm length) to be present in the
matrix if samples were quenched at 250°C/sec. The number of precipitates decreased and the size
increased slightly when the quench rate was lowered to 110°C/ sec. and a further decrease in quench
rate down to 0.5 °C/sec resulted in more areas containing coarse rods of §’-Mg,Si precipitates
(15nm diameter, 300nm length) and surrounding precipitate-free zones (PFZs) in the a-Al matrix
(Figure 4). The yield strength and UTS of the peak-aged cast aluminium alloy A356 decreased
respectively by 33% and 27% as the quench rate decreased from 250°C/sec to 0.5°C/sec (41, 43, 43,
48).

L. Pedersen and L. Amberg (42) showed that the UTS of AlSiMg alloys is strictly related to the Mg
level whereas the combination of Mg and Si determines the ductility. It has also been observed that
a reduction in the quenching rate leads to a reduced strength and an increased ductility in Al-Si-Mg
alloys with a high Mg concentration, while the ductility of low Mg alloys was relatively unaffected.
The reduction in strength was related to the lower density of hardening precipitates Mg,Si, which in
turn can be related to the amount of vacancies present. A reduced quenching rate allows vacancies
to move, partly cluster within the a-Al, and partly move out of the o-Al by diffusion to surfaces and
probably also to areas near the silicon particles. An increase in ductility with decreasing cooling rate
for high-Mg alloy was attributed to the lower level of excess silicon in the matrix due to the
formation of Mg,Si, resulting in the formation of silicon precipitates of smaller size during the
quenching. While for rapid quenching the entire growth of the Si precipitates took place during the
subsequent aging and the relatively low temperature resulted in Si precipitates of moderate size,
which decreased the ductility. However, for a low-Mg alloy, either an increase in the number of Si
precipitates or an increased coarsening of the silicon precipitates was expected. The effect of a
reduced amount of hardening precipitates thus was “neutralized” by the increased amount of brittle
silicon precipitates and the expected overall increase in ductility wasn’t observed (42).
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estimate the kinetic parameters of wrought aluminium alloys during quenching, but these
parameters are not available for most of the cast aluminium alloys and therefore Quench Factor data

for aluminium castings is still rare in the literature (41).

Quench Factor analysis is therefore a tool for predicting mechanical properties of an alloy with a
known quench path and precipitation kinetics described by the applicable TTP curve. The
advantage of this method is that it provides a single number to correlate the cooling rate during
quenching with the strength attainable from the subsequent aging. The QF analysis, developed by
Staley (49), is able to successfully predict yield strength and hardness of wrought aluminium alloys
(41).

The Quench Factor is typically calculated from a cooling curve and a Cr function. TTP curves for
aluminium alloys, which are analogous to TTT diagrams for steels, are graphical representations of
transformation kinetics of an alloy and a Cr function is an equation that describes these
transformation kinetics. The first Time-Temperature-Property (TTP) C-curves for aluminium alloys
were developed by Fink and Willey (50) and the Cy function was defined by Evancho and Staley
(51). The assumptions behind the analysis are that the precipitation reaction during quenching is
additive/iso-kinetic and the reduction in properties can be related to the loss of super-saturation of

the solid solution during quenching.

The Cr function could be expressed using the following equation (49, 52, 53, 54, 55):

C K oK, o M[JLK_L]E,C,,[E_] 0

RT(K,-T) RT

Cr is the critical time required to form a constant amount of a new phase or reduce the strength by a
specific amount; K, is a constant which equals the natural logarithm of the fraction untransformed
during quenching (typically 99%: Ln (0.99)= -0.01005); K; is a constant related to the reciprocal of
the number of nucleation sites; K3 is a constant related to the energy required to form a nucleus; K4
is a constant related to the solvus temperature; Ks is a constant related to the activation energy for
diffusion; R is the universal gas constant, 8.3143 J/K*mole; T is the absolute temperature (K).
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Figure 6: 95 and 90 pct iso-yield strength contours (56)

Quench Factor analysis has been applied to a wide range of wrought aluminium alloys to predict
properties and/or optimize industrial quenching procedures (41, 48, 55, 57, 60, 61, 62, 63, 64). It
has also been applied to steels and aluminium castings and is now recognized as an important

technique for modelling property loss during continuous cooling (53).
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CHAPTER THREE

Experimental Techniques

31 Rheo-casting of F357 aluminium

The well-known A357 aluminium was cast without Be, therefore the notation F357. The molten
aluminium was degassed with Ar for an hour before casting, in order to obtain a non-porous product
(Verified by tests — Figure 7). The CSIR rheo-process utilizes a shear dispersive mixing action
which is provided by an induced electromagnetic field supplied by an AC induction coil, together
with air cooling to obtain the desired semi-solid temperature (Induction Heating /Stirring Process).
The metal in the mushy state is transferred to the shot chamber of the 50ton High Pressure Die
Casting (HPDC) machine for casting of the plates required for this project. The chemical
composition was closely controlled and the process was carried out according to the CSIR

procedure (10). F357 aluminium samples were cast into 90mmx100mm plates with 6mm thickness.

—— With Ar degassing

—— Without degassing

Figure 7: F357 aluminium billet without Ar degassing and with degassing for an hour (top)

3.2 Chemical analyses

All the chemical analyses in the project were done by means of a ThermoFischer Quantris Optical

Emission Spectrometer. From each cast batch, randomly selected plates (including the first and last
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plate) were chemically analysed and the compositional ranges of the cast material used in this study

are given in Table 1.

Some laser welded joints were also chemically analysed in order to determine the compositional
variation between the weld metal and base metal after heat treatment. The weld fusion zone (£ 4mm
width) were mechanically separated from the surrounding base metal and cut into pieces. The
thickness of each weld joint was reduced by 50% by compression, followed by annealing at 450 °C
for 30 minutes. Some of the remaining base metal along the weld was cut off before the weld
sample thickness was compressed again by 50% and annealed. This procedure of pressing and
annealing was repeated three times before the weld metal area was big enough (= 12mm width) for

spectrometry to be performed (Figure 8).

Table 1: Chemical specification (a) and obtained composition of (b) first batch and (c) second batch

F357 rheo-cast aluminium for this study

Element (wt%) Al Si Mg Fe Ti Sr
Min.? Bal. 6.5 0.4 - 0.04 -
Max.? Bal. 7.5 0.7 0.2 0.2 -
Min.? Bal. 6.79 0.65 0.071 0.10 0.010
Max.” Bal. 7.41 0.72 0.075 0.15 0.035
Min.© Bal. 6.52 0.70 0.08 0.12 0.020
Max.? Bal. 6.96 0.71 0.10 0.14 0.030

Base metal
Weld metal

Figure 8: Flattened F357 weld sample showing the circular positions of the spectral analyses with

reference to the weld
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3.3 Heat treatments

The cast plates were either left in the as-cast (F) condition, heat treated to the T4 (naturally aged
after solution treatment) or T4+ condition or heat treated to the T6 condition (artificially aged after
solution treatment) — Parameters given in Table 2. T4+ condition refers to the plates being heat
treated to the T4 condition before welding and only artificially aged after welding (no post-weld
solution treatment) to reach the T6 condition. This was done in order to compare the effect of
welding on the microstructure and properties of F357 in the T4+ and T6 conditions.

The natural aging time period (T4 condition) was set at a minimum of 5 days which is generally
accepted in the literature as appropriate for age-hardenable aluminium alloys (1) since no
significant increase in hardness is observed thereafter. This assumption was confirmed for F357
aluminium by measuring the Vickers hardness of the material in the T4 condition after different
time intervals as is shown in Figure 9.

Table 2: Temper heat treatment parameters applied to the F357 aluminium before welding (pre-
weld heat treatments)

Temper condition Solution treatment Aging
T4 540°C x 6h — water quenched Room T for a minimum of 5 days
Room T for a minimum of § days
T4+ 540°C x 6h — water quenched followed by post-weld annealing at
170°C x 6h after 20hrs at room T
T6 540°C x 6h — water quenched 170°C x 6h after 20hrs at room T

The heat treatment and welding cycles were thus as follows:

T4: 540 °C/6h — quenching — natural aging (NA) 5 days — welding

T4+ : 540 °C/ 6h — quenching — natural aging 5 days — welding — natural aging 20h —
artificial aging (AA) 170 °C/ 6h

T6: 540 °C/6h — quenching — natural aging 20h — artificial aging 170 °C / 6h — welding
(The ‘traditional’ T6 heat treatment for A356)
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Figure 9: Hardness results of SSM cast F357 aluminium during natural aging (room temperature) at
different time periods after solution treatment at 540 °C for 6 hrs.

3.4 Sample preparation

After heat treatment, all plates were skimmed down (both sides) from the as-cast thickness to
3.5mm in order to eliminate possible surface defects or irregularities as well as the deformation
obtained during the heat treatments. Machining of edges was also performed (Figure 10) to
optimize the fit-up which is important for laser welding. Poor fit-up will produce underfill and may
also cause porosity resulting from air that is trapped between the butt faces. This machining was
done within 1 hour before welding and after all the applicable surfaces had been wire-brushed
(stainless steel brush — Figure 11) to remove the oxide layer. One of the main aims of the steps
taken during sample preparation was to remove possible causes of hydrogen induced porosity. This
involves the removal of the oxide layer and precautions to prevent contamination of surfaces, which
are to be welded, by moisture or hydrocarbons such as oils and grease.

Autogenous butt welding of the F357 aluminium in the F, T4, T4+ and T6 conditions was then

executed.
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which eliminates porosity and optimizes weld bead geometry was therefore required. The task
required the simultaneous optimization of laser power, welding speed, shielding gas composition,
shielding gas flow rate and focal condition to produce a weld which is both free of hydrogen /
keyhole induced porosity and has an acceptable weld bead geometry. The latter is important since
both excessive root formation and weld face under-fill will reduce the mechanical properties.

A HIGHYAG ASK aluminium welding head coupled to a 6-axes KUKA KR60L30HA articulated
arm robot was used with a 4.4kW CW (continuous wave) Rofin Sinar RS DY044 diode pumped
Nd:YAG laser which was delivered through a 400 micron step index fibre. The combination of a
200mm focal length collimator and a 200mm focal length lens produced a magnification of 1.0
which in turn delivered a minimum single spot size of 0.4mm. However, by means of the variable
double-focus forming module of the ASK welding head, a longitudinal twin spot (double focus)
configuration could be produced in which the relative intensities of the two spots as well as the spot
separations (centre-to-centre) could be adjusted.

Because of the relatively low viscosity of molten aluminium the keyhole is less stable since the
molten metal that flows around the keyhole from the front to the back of the keyhole is reflected
back towards the keyhole by the solidification front and can close off the keyhole if the keyhole is
too small. This will give rise to porosity. The application of a twin spot welding configuration is
therefore beneficial for aluminium welding due to a stabilising effect on the weld pool, resulting in
smoother beads compared to single spot welding, and a key-hole opening that is less narrow and
less prone to closure. This allows the Mg gas that is vaporised during the melting process, to escape

and not to generate occluded gases resulting in porosities (65).

First trial laser welding bead-on-plate (BOP) tests were executed in order to determine the best
operating window for this material. It was observed that the maximum available power of 3.8kW to
the workpiece and a travel speed of 4m/min were the best to obtain deep penetration welding on this
~ plate thickness. Consequently experimentation focused on the optimization of the twin spot
parameters, namely spot separation distance and power intensity distribution (Table 9 — Appendix
A). However, due to the effect of the twin spot parameters on the depth of penetration, it was
necessary to change the welding speed in some instancés in order to obtain through-thickness
penetration.
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In order to obtain a single spot with the dual-focus ASK welding head, the applicable micrometer
setting of the ASK unit must be set to 16.0mm. However, because a twin spot configuration was
required in this study, the micrometer setting was varied between 16.83 and 17.10mm,
corresponding to a centre-to-centre spot separation of 0.38 and 0.53mm respectively. The power
intensity distribution was varied by adjusting the applicable micrometer setting between 12.3 and
12.5mm. The 12.3mm setting produces a power intensity distribution consisting of a leading spot
with slightly higher power intensity (52 %) than the trailing spot (48 %). The 12.35mm setting
produces a 50/50 % power distribution (Figure 12(a)) and a 12.5mm setting produces a leading spot
with slightly lower power intensity (45 %) than the trailing spot (55 %) (Figure 12(b)). The power
intensity distribution between the two spots should be close to 50/50 % so that both spots contribute
to the formation of a keyhole (deep penetration welding), but a slight off-set to approximately 45/55
% (leading/trailing spot power) seemed to result in a more stable keyhole.

Independently from the power intensity micrometer setting (within the range investigated), a
0.38mm centre-to-centre spot separation distance produces a twin spot configuration where the
spots slightly overlap each other, with a slight power peak in the overlap region (Figure 12(b)). A
0.48mm distance results in the twin spots being closely next to each other (Figure 12(c)). In order to
retain the advantages of twin spot welding and higher welding speeds, the spot separation should be
limited since increased spot separation results in an effective reduction in laser intensity.

X-ray radiographic testing was done on all these preliminary welds and the only defect observed,
was porosity. A porosity count was done on each sample in order to determine the optimum set of
welding parameters and the results are shown in Figure 13. From these results a general trend of
decreasing porosity with decreasing spot separation distance (SSD) can be observed. It is suspected
that a spot separation distance lower than 0.38mm (closer to single spot) will result in an increase in
porosity again due to a less stable weld pool. This was however not investigated. The minimum
level of porosity (indicated by arrow on graph) was obtained at a power intensity distribution (PID)
of + 45/55 % leading/trailing spot power ratio. The optimum parameters of 0.38mm SSD, + 45/55
% PID and 4m/min were therefore used for the laser welding of the F357 samples investigated.

All laser welds were performed in the 1G position (flat groove weld) with the incident laser beam
perpendicular to the surface of the aluminium plate. The sample plates were clamped in a butt joint
configuration with a specially made jig which provides both perpendicular and transverse clamping,
thus limiting distortion and preventing the butt joint from opening up during welding (Figure 14).
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The welding jig also allows for a root purge to be applied. For the first batch, Helium (He) at a flow
rate of 20 I/min was applied as shielding gas via the ASK off-axis nozzle (7.8mm ID). For the
second batch, He at 10 /min was supplied via a self-manufactured off-axis nozzle (based on a
concept used by A. Haboudou, et.al. (65)). This nozzle had a similar diameter, but a much smaller
stand-off (2mm) was used and it was inclined at 30° to the horizontal (Figure 15 -
Recommendations made by M. Dahmen (Dipl.-Ing.) from Fraunhofer ILT, during a technical visit).
Argon (Ar) at a flow rate of 5 I/min was applied as root purging gas. Experiments were conducted
with different shielding and purging gasses. Various mixtures of Ar and He were investigated at
different flow rates and it was observed that Ar as shielding gas resulted in the most severe weld
porosity. He + Ar caused less porosity while He shielding gas produced the lowest levels of weld
porosity. The effect of the type of root purging gas on weld porosity was however found to be

negligible and Ar was therefore the preferred option due to lower cost.
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Figure 12: Beam analyses of the ASK welding head twin spots: a) 0.38mm centre-to-centre spot
separation and 50/50 % power intensity distribution, b) 0.38mm spot separation and 45/55 % power

intensity distribution and c) 0.48mm spot separation and 45/55 % power intensity distribution.
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3.6 Quench rate measurement

In order to establish the quenching effect of laser welding on F357 aluminium, the cooling rate of
the material during quenching after solution treatment and the cooling rate during welding had to be
determined and compared.

The same sample sizes were used for the cooling rate determination of both the solution treatment
(ST) quenching and welding. For the ST quenching, a Imm @ hole was drilled into a 100x50mm
F357 sample, down to mid-thickness of 1.75 mm. A K-type wire thermocouple (Chromel-Alumel:
Ni/5% Al and Si, with a T range of -200 to 1250 °C) was press-fit into the hole with Al wire to
ensure good contact. The thermocouple was coupled to a Tektronix TDS 744A oscilloscope for the
logging of the cooling data (logging rate of 2500 readings per second). The sample was heated in a
muffle furnace to the solution temperature of 540 °C and then quenched in water (room T) during
which the cooling data was captured. This was repeated a few times to obtain representative cooling
data and to ensure repeatability.

The same K-type thermocouple was at first used for measuring the cooling rate during welding by
press-fitting (with a vice-grip) the wire ends into one of the butt faces before setting the samples up
for butt welding. However, the welding temperature was found to be too high and the thermocouple,
bent 90° upwards towards the face of the weld, was burnt off. The procedure was repeated, but with
the thermocouple facing downwards as well as with the thermocouple embedded in a hole drilled at
an angle at the bottom of the plate. However, the thermocouple burnt off in the latter two cases as

well.

A small C-type thermocouple (W/5% Re-W/26% Re, T range of 0 — 2320 °C) was sourced and used
for the next batch of cooling rate experiments. The two ends of the thermocouple were again
pressed into one of the butt faces (between the jaws of a milling machine) and bent 90° with the
thermocouple facing upwards (Figure 16). Butt welds could be successfully performed with the

thermocouple in the weld and the cooling data was recorded by means of the oscilloscope.

All the cooling data was recorded over time as millivolt output readings that were converted to
temperatures by means of standard reference tables (ASTM E-230) applicable to either the K or C-
type thermocouple. These reference tables are all based on a reference or cold junction temperature
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weld metal was studied by means of optical microscopy in order to also characterise possible
internal defects. This work was done on an Olympus BX51M microscope coupled to an Altra 20
Soft Imaging system. The typical microstructure present through the whole cast plate was also
characterised.

3.9 Micro-hardness testing

Mounted and polished transverse, through-thickness sample sections were used for hardness
measurements. Vickers micro-hardness traverses were done across the weld joints (from base metal
to base metal) at mid-thickness for both F357 sample batches and for all the different heat treatment
conditions in order to determine the differences in hardness of the base metal and weld metal in all
conditions. A load of 300g was used for all micro-hardness measurements, except for base metal
hardness determinations, for which a 1kg load was used.

On each sample, hardness traverses were repeated to obtain general representative hardness trends
for the material in every heat treatment condition. Between hardness traverses the samples were

reground and polished.
3.10 Tensile testing

Transverse sub-size tensile specimens (Figure 17) were machined from the base metal in all heat
treatment conditions as well as all the F357 weld seams. The tensile specimens conformed to
ASTM BS557M: Standard Test Methods of Tension Testing Wrought and Cast Aluminum- and
Magnesium-Alloy Products [Metric]. For these weld metal tensile specimens, all the excess weld
metal was removed (machined off) so that the thickness of the welds was the same as that of the
base material and thus no strengthening effect was obtained from weld build-up. The strength of the
weld metal was therefore tested against the strength of the base metal. Weld joint tensile specimens
were also machined and tested (on a 1342 Instron machine) for comparison with the weld metal
properties. For the weld joint specimens, the weld joint was not altered in any way and the strength
of the joint was tested against that of the base metal. Where applicable, no undercut was removed
from the tensile specimens, in order to comply with ISO 13919:2 specification requirements (68).
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Figure 17: Dimensions (mm) of sub-size tensile specimens machined from the F357 base material

and weld joints
3.11 Transmission electron microscopy (TEM)

TEM work was done on the F357 base material, HAZ and weld metal in order to characterise and
verify the strengthening mechanisms. The TEM foils were prepared by milling the butt-welded
plates down to = 1mm thickness, cutting off 20 x 20 mm samples and grinding these samples down
to + 0.1 mm thickness (ending with paper grade 800). By using a special tool (die and punch) 10 to
15 disks with 3 mm diameter were cut from each 0.1 mm thick sample. These foils were subjected
to double jet electrolytic thinning using a Struers Tenupol-2 apparatus (Figure 18(a)). An electrolyte
of 40% CH;COOH-30% H3;P04-20% HNO;-10% H,O at ambient temperature was used. The
apparatus was set to 8V and pump position at 7 for electrolyte speed. After completion of the
thinning process the samples were cleaned in an ultrasonic bath for 2 s. The foil was then removed
from the electro-polishing sample holder (Figure 18(b)), cleaned with alcohol and put in a TEM foil
sample holder (Figure 18(c)) in order to keep track of the specific sampling position and heat
treatment condition.

This TEM foil electro-polishing technique differs from the conventional technique where the
process is stopped as soon as a first centre hole is pierced. This is due to the large difference in
electrochemical properties of the Si and Al phases of Al-Si alloys that prevents thin foils of good
quality from being obtained by the conventional electro-polishing technique. Nowadays ion milling
is recommended for thin foil preparation of Al-Si alloys, whereas earlier TEM replicas had to be
used (69).
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CHAPTER FOUR

Results and Discussion

4.1 Radiographic observations

Porosity, shrinkage cavities and entrapped dirt/oxide were typical defects which were detected by
radiographic testing in some of the cast plates. These defects typically constituted less than 5% by
volume. It was not always possible to distinguish between the different defects by means of X-rays.
The only internal defect observed in the welds was porosity. All welds were analysed according to
the stringent quality level of the ISO 13919-2:2001 specification. Although all welds met the
requirements in terms of maximum porosity size allowed, some of the first-batch welds (ASK
nozzle used) did not comply with the specification in terms of the localised (clustered) / linear
porosity (Figure 20 and Table 6). In general the second batch welds, welded with the custom-made

nozzle, revealed less porosity (Figure 24).

a) H‘ Singular porosity

b) Cluster porosity

Figure 20: Example of a laser butt weld a) complying with the porosity specifications and b) not

complying with the cluster (localized) porosity specification.

4.2 Chemical analyses of the welds

Chemical analyses by means of spectrometry were done on six welded samples which had been
prepared as discussed in the chapter on experimental techniques. The results are given in Table 3.

From these results it can be concluded that the Mg content of the welds is the same as that of the

base metal and has therefore been retained in the fusion metal. It is known that Mg, because of its

-44 -



low boiling point, tends to evaporate during laser welding and a lower Mg content was thus

expected. This was however found not to be the case.

Table 3: Comparison of Mg content in the base metal and weld metal of six F357 butt welds

Sample Mg [wt%]
Base metal 0.73
Weld metal 0.65
Base metal 0.61
Weld metal 0.66
F condition
Base metal 0.75
Weld metal 0.71
Base metal 0.66
Weld metal 0.71
Base metal 0.77
Weld metal 0.78
T6 condition
Base metal 0.67
Weld metal 0.67

4.3 Quench rate determination and Quench Factor Analysis

The cooling rate during quenching after solution treatment and during laser welding of F357
aluminium was determined as discussed in the chapter on the experimental techniques. Typical
cooling curves obtained during these quenching processes are shown in Figure 21 and depicts the
temperature curve from the oscilloscope (via voltage) as well as a calculated moving average curve.
The average quench rate of these processes was determined from the graphs and the results are
given in Table 4.

Figure 21(a) shows some extreme noise peaks on the temperature-time graph, which resulted from
the sample being shaken during quenching (loss of good thermocouple-sample contact) to prevent a
steam blanket from forming around it which might have had an inhibiting effect on the quenching.
Noise peaks were also observed with data-plotting during laser welding (Figure 21(b)) in spite of
good isolation precautions being taken (Figure 16). The average cooling rates could, however, still
be determined with relatively good accuracy.
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From Table 4 it is clear that there is no significant difference in average quench rate over the whole
temperature range (540 to 30 °C) after solution treatment and laser welding, although a range of
cooling rate values were obtained. For the quench rate between 450 and 200 °C, which is according
to literature (43, 43) the critical temperature range for solid solution treatment of aluminium, a
larger range of average cooling rate values were obtained with the laser welding quench rate being
slightly lower than that of the solution treatment quenching. However, the latter was determined on
sample sizes similar to the weld samples, which is relatively small. This resulted in higher quench
rates than that which would be obtained during industrial quenching of big components. In contrast
to this, industrial laser welding will result in higher quench rates (much bigger samples, more
material to facilitate self-quenching) than was obtained in this study. There is thus a good
possibility of the difference between the two average quench rates becoming very small in practice.

Table 4: Average quench rate results obtained after solution treatment at 540 °C and laser welding

of F357 aluminium
Average quench rate: Average quench rate:
Process 450 to 200 °C 540 to 30 °C
[°C/s] [°C/s]

524 353

Solution treatment 700 433
726 381

430 367

450 374

451 257

529 317

Laser welding 584 363
585 331

595 317

604 337

615 344

It should also be noted that the study done by D.L. Zhang and L. Zheng (43) has shown that the
peak hardness for Al-7Si-0.4Mg material was not affected by the quench rate when the average
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quench rate between 450 and 200 °C was higher than 110°C/s. The measured quench rate after laser
welding is thus more than four times higher than the quench rate required for solid solution
treatment of this type of aluminium and would therefore explain the good mechanical properties

obtained in the T4+ condition.

The procedure for determining the quench factor (Figure 22), presented by Kim, Hoff and Gaskell

(73), was followed to calculate the overall quench factor (Q) for F357 aluminium from Figure 23

T=500°C Ay
and Equation 2 (Q = Zq ;= Z —— ) with temperature intervals of 10 °C. The quench factor

T=170°C ~'Ti
technique approximates an actual quench (measured experimentally in the present study) as a series
of isothermal quenches, thus allowing transient transformations to be predicted from the isothermal

precipitation kinetics.

It has been shown by Razaghian ect.al. (74) that the maximum strength of A357 aluminium is only
modestly improved by Sr modification, which leads to the assumption that the C-curve for D357
(unmodified) will be similar to that for F357 (modified) and may therefore be used for the
calculations. The obtained Q values for solution treatment quenching and laser weld quenching of

F357 aluminium are given in Table 5.
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Figure 22: Determination of quench factor by the combination of a quenchant cooling curve and a

C-curve (73)
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Weld imperfections in the ISO 13919-2:2001 welding specification is quoted in terms of the actual
dimensions and was therefore measured on the X-ray films (porosity) or on the transverse through-
thickness samples which were prepared. The measured imperfections are listed in Table 6.

Table 6: ISO 13919-2:2001 specification for weld imperfections (Level B: Stringent) and

compliance / non-compliance of the F357 butt welds therewith

Imperfection Specification First-batch Second-batch
h <0.05t
Undercut 0 - 0.26mm 0-0.07mm
(h <0.175mm)
h <0,2mm + 0,15t
Excess weld metal 0-0.2mm 0.09 - 0.39mm
(h <0.725mm)
Excessive h <0,2mm + 0,15t
0.2 -0.5mm 0.13 - 0.37mm
penetration (h <0.725mm)
Linear
h <0,1t(h <0.35mm) 0-0.28mm 0.04 - 0.15mm
misalignment
Lorh <03t
Porosity and gas 0.9mm max. 0.8mm max.
(L orh <1.05mm)
pores 2.5% max. 1% max.
f <3%
Lorh <0,3t
Localised (L orh <1.05mm)
Some non- .
(clustered) and f <2% . Full compliance
compliance
linear porosity AL > 0.5t
L.t

L, h =Size of imperfection (length, height/width) AL = Distance between 2 pores
f =Summation of projected areas of pores or cavities L. sClustered porosity length
t =Thickness of plate

4.4.2 Base material characterization

The general microstructure of SSM cast F357 material consists of globular a-primary crystals and
Al-12%Si eutectic. The F357 base material in the various heat treatment conditions was
microscopically investigated and an example of a defect-free cast material is shown in Figure 25(a),
whereas some typical defects and inhomogeneous SSM cast structures that can be obtained, are
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Figure 26: Typical transverse through-thickness microstructure along the length of a cast plate

4.4.3 Weld metal characterization

The microstructure of the F357 base metal in F condition consists of globular o~primary crystals
with mean size of 60-90 um and Al-12%Si1 eutectic. The butt weld metal has the same structure, but
the primary crystals are much finer (dendritic) with a mean size of 6 um thickness and 19 pum
length, Figure 27(a). All weld centerline microstructures consist of this dendritic structure due to the
fact that all welds experienced the same solidification conditions. Figure 27(a) to (d) shows the
typical SSM F357 base metal microstructure in the F, T4, T4+ and T6 condition respectively on the
left. Fusion line microstructures are shown in the centre and enlarged weld metal microstructures on
the right. The typical Al globules and Al-Si eutectic of the base metal can be clearly observed, as
well as the modified Al-Si eutectic after the T4, T4+ and T6 heat treatments.

4.5 Transmission Electron Microscopy (TEM)

4.5.1 Weld metal characterization of pre-weld T6 treated material

For the pre-weld T6 treated material, the weld metal undergoes remarkable changes during the
welding (re-melting) process as stated previously in the optical microscopy of the weld
microstructure. The shape of eutectic silicon crystals changes from round to plate-like, the size of
WM o-grains is strongly reduced compared to BM o~grains and all secondary phases that have been
present in the a-grain volume before welding (in F, T4 or T6 condition) are dissolved (Figure

28(a)).
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for the BM in T6) suggest that the artificial aging regime was probably not optimal for the weld

metal and that a slightly higher temperature and/or longer time should have been used.

4.6 Micro-hardness

The hardness of the F357 base material in all the heat treated conditions was measured and found to
be 75 HV 3 in the as-cast condition, 95 HV,; in T4 condition, 120 HV,; in the T6 condition and
almost 130 HVy 3 in the T4+ condition. The reason for T4+ hardness being slightly higher than T6,
might be due to the added effect of 5 days natural aging before artificial aging for the T4+ condition

compared to only 20 hrs natural aging before artificial aging for the T6 condition.

From Figure 30 it can be seen that there are substantial variances in hardness values at specific
positions, especially for the material in the F condition, but the general trend for each material
condition can clearly be observed and was the same for both sample batches. The scatter in
hardness, however, was less for the second material batch than for the first material batch,
especially over the weld. This might indicate that a more stable welding process was obtained with

the custom-made nozzle (2™ batch).

The properties after heat treatment of Al-Si-Mg alloys shows a cumulative effect due to an increase
in the precipitation hardening (Mg,Si), reduction in the segregation of alloying elements,
spheroidization of the silicon crystals and improvement in the bonding between the second phase
particles and matrix aluminium (70). Therefore, heat-treated alloys show enhanced hardness from
the F to T4 to T6 condition (Figure 30). The BM hardness obtained in the T4+ condition was
similar to that of the T6 material.

The reason for variance in hardness values of the BM / HAZ might be attributed either to the
position of the hardness indentation coinciding with either a-aluminium or Al-Si eutectic or partly
on both. Additionally it could be ascribed to possible differences in microstructure as was seen in

Figure 25, e.g. inhomogeneous SSM structure.
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Figure 30: Mid-thickness micro-hardness traverses across the welds, for all the 1* batch samples
(left) and 2™ batch samples (right) in the a) F condition, b) T4, ¢) T6 and d) T4+ condition.
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It can also be seen that the weld metal hardness traverses of F357 in F, T4 and T6 conditions are
very similar and just below 100 HV average. This is expected due to the as-welded condition of all
these joints. The base metal hardness in the F condition is lower than that of the weld metal (WM)
hardness, in the T4 condition it is similar and in the T6 condition it is higher than the weld metal.
This can be attributed to the fine weld microstructure and solid solution strengthening obtained
during the rapid cooling after laser welding, which is sufficient to contribute to a weld metal
hardness, after natural aging, similar to the T4 base metal, but not sufficient to reach the T6 base
metal hardness. This is in accordance with literature (19, 22). It has been stated that for heat-
treatable aluminium alloys, the thermal cycle associated with the welding process will destroy the
temper in the weld and HAZ. This will result in a large drop of hardness from T6 base material to
the weld metal, with minimum hardness in the HAZ.

The large drop in WM hardness is mainly due to the loss of precipitates, namely dissolution of
strengthening phases and the formation and growth of non-strengthening phases, e.g. GP zones. The
latter has been confirmed through TEM work in this study, Figure 28. The drop in HAZ hardness is
mainly due to over-aging, with the effect decreasing with distance from the fusion zone. Natural
aging partly recovered the loss of hardness in the weld metal and heat-affected zone but only to that
of the T4 base metal and not to that of the T6 base metal.

In the T4+ condition, the weld metal hardness is only slightly lower than that of the T6 BM and
suggests that the conditions of laser welding might be sufficient to replace the T6 solution treatment
after welding. This has been confirmed by the TEM investigation (Figure 29) which showed that the
same strengthening mechanisms are obtained in the T4+ weld metal (without a post-weld solution
treatment) as in the T6 base metal, although it appears as if the artificial aging treatment was not
optimal for the T4+ WM.

4.7 Tensiie properties

The tensile property specification requirements according to the Aluminium Association* for
Permanent Mold Cast A357.0-T61 aluminium are given in Table 7, together with average tensile
properties that have also been reported (71) for A357-T6 rheo-cast components.
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Table 7: Specified and typical tensile property values for A357-T6 aluminium alloy (permanent
mold- and rheo-cast respectively)

UTS [MPa] Yield strength [MPa] Elongation [%)]
Specification .
mqp"? - 2310 >248 >3.00 % in 50mm
Literature values (71) 350 302 54

* Standards for Aluminum Sand and Permanent Mold Castings (14th Edition, 2000)

Figure 31 shows the results of the tensile testing done on the base metal as well as the welded
samples (1* and 2™ batch). It can be observed that the T6 base material and the T4+ welded
material conforms very well to the tensile specification requirements, with values well above the
minimum required. The obtained strength property values of the F357-T6 base material are higher
than the reported values whereas the values of the welded T4+ material are exactly the same or
slightly higher than the reported values.

Only slight scatter was observed in most of the property values for all heat treated conditions and
for both sample batches. However, material properties revealing significant scatter, could in all
instances be attributed to either weld geometry (1* batch) or casting defects/porosity in the BM or
WM for both batches (see Figure 32). 86% of the tensile sathples in the 2™ batch failed in the BM
during testing. The few samples that failed in the WM/HAZ revealed mainly micro-porosity on the
fractured surfaces (Figure 32).

From Figure 31 it can also be observed that the UTS and yield strength obtained from the 2™ batch
of weld samples is similar or slightly higher than that of the 1® batch for all heat treatment
conditions, except for the T4+ condition which is similar or slightly lower. In general, the higher
values might be attributed to the elimination of undercut in the 2™ batch with the custom-made
nozzle used for welding, because the undercut was the cause of failure in most instances for the 1*
sample batch. However, in the case of the welded T4+ samples, the BM and not the WM seems to
have been the limiting factor in the 2™ batch, because the strength properties are slightly lower than
that of the 1* batch although all samples failed in the BM (Figure 32 and Figure 33).
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In the 1% batch, the weld metal hardness and strength, without any post-weld heat treatment
(PWHT) of the welded joint, was found to be similar for the T4 and T6 conditions, as was expected
and reflected in Figure 30 and Figure 31. Fracture occurred mainly on the weld fusion line for both
conditions. However, in the 2™ batch there are differences because fracture of the samples in the T4
condition occurred in the BM whereas the fracture of the samples in the T6 condition occurred in
the HAZ. The T4+ condition weld metal entailed a post-weld artificial aging treatment and resulted
thus in higher hardness and strength than that of the as-welded T4 strength. Although the F357 T4+
weld metal resulted in slightly lower strength and hardness than that of the base material in the T6
condition, it compares very well with the T6 material and the most important design property,

namely yield strength, is still excellent.

The average BM elongation in the T6 condition is similar to that of the as-cast material (between 3
and 6%), with the T4 base metal elongation being the highest, namely 15%. The T4+ weld metal
elongation is similar to that of the T4 weld and slightly higher than that of the T6 weld (Figure 31).

As stated in the chapter on experimental techniques, tensile tests were also done on unmodified
weld joints (all other tensile tests done on modified weld joints) on which no excess weld metal was
removed (Figure 34). These tests were only done on the 2™ batch of material and the comparison of
the tensile properties between these two sample conditions is shown in Figure 35. For all practical
purposes the tensile properties of the modified, as-welded samples and that of the unmodified weld
joint samples are the same, except in the T6 condition. In the T6 condition the unmodified joint
properties are slightly lower than that of the modified joint samples. Although all the T6 tensile
samples of both the modified and unmodified joints failed in the WM or HAZ, the slightly lower
properties of the unmodified joints might be attributed to the presence of micro-porosity that is
revealed on the fracture surfaces of these samples. This could have caused the lower strength
compared to that of the modified weld joints which did not show any visible defects.

T Excess WM removed /,Excess WM

a b)
Figure 34: a) Side-view of a transverse modified weld joint tensile sample and (b) unmodified weld

joint tensile sample.
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Figure 35: Tensile properties of as-welded, modified and unmodified weld joint samples for the

second batch of material.

A few welded samples in the pre-welded T6 condition were also post-weld heat treated to the T6
condition again and subjected to tensile testing. The results are given in Table 8 and indicate a
significant increase in all tensile properties if the welded samples are subjected to a post-weld T6
heat treatment. The reason for the latter can be explained by the difference in WM microstructure
for the two heat treatment conditions (Figure 36). The WM microstructure of the pre-welded T6
material is dendritic and reveals only GP zone strengthening (Figure 28) due to natural ageing.
These tensile samples failed in the WM or HAZ. The WM microstructure of the post-weld T6
treated material, however, consists of very fine a-Al globules and modified Al-Si eutectic (Figure
36(b)) together with all the hardening precipitates obtained from artificial aging. This resulted in
much higher strengths and tensile test failures in the BM. This is in agreement with literature (72)
which states that an additional T6 post-weld heat treatment (PWHT) applied to material that has
been welded in the T6 condition, could be beneficial for the fusion zone, although it does not

change the precipitation dispersion of the base material much.
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Table 8: Comparison of modified versus unmodified weld joint properties in the pre-weld T6

treated condition and pre-weld + post-weld T6 treated condition

Weld joint Heat treatment 0.2% Yield UTS
% Elongation
condition condition strength [Mpa] [Mpa]
232 280 2.5
T6
215 244 2.8
Modified
312 356 6.3
T6 + post-weld T6
322 364 6.4
227 302 5.1
T6
227 301 43
Unmodified
321 361 5
T6 + post-weld T6
303 306* 3.8*

* Much lower values due to severe casting defect (Figure 32(e))

In the pre-weld T6 treated condition, significantly higher UTS and % elongation were obtained with
the unmodified weld joint samples than with the modified weld joint samples. The reason for this
was probably the strengthening effect that the excess weld metal had on the unmodified samples
and the fact that all the samples (modified and unmodified) failed in the WM or HAZ. However,
this was not the case for the samples that were post-weld treated to the T6 condition again. Both the
unmodified and modified weld joint samples in the post-weld T6 treated condition failed in the base
metal. This indicates that the WM is stronger than the BM, possibly due to a high volume fraction

of strengthening precipitates in the WM.

The question was raised whether the increase in mechanical properties of the T4+ material might
not be attributed mainly to the fine grain size obtained in the fusion zone. A test was therefore
conducted in which a welded F357 sample in the F condition and one in the T4+ condition were
both annealed at 320 °C for 15 hrs. This was done to eliminate any possibility of precipitate
strengthening and therefore only determine the strengthening effect of the smaller WM grain size.
Transverse Vickers micro-hardness measurements were done across the weld on both samples in

both heat treatment condition and the traverses are shown in Figure 37.
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CHAPTER FIVE
Conclusions

The first objective of the study was to apply deep penetration laser welding to SSM Rheo-cast F357
aluminium and to develop an envelope of permissible parameters for defect-free seams with
acceptable properties. Autogenous Nd:YAG laser welding with a longitudinal twin spot
configuration was applied and trials were run with various spot intensity distributions, centre-to-
centre spot separation distances, shielding gas combinations and flow rates, various purging gasses
and also two types of nozzles. From the findings of the study, the following main conclusions were
drawn in terms of deep penetration laser welding of SSM F357 aluminium:

e By means of laser welding bead-on-plate (BOP) trials, it was possible to obtain a welding
parameter window and to optimize the welding parameters for autogenously welded SSM F357

material.

e The welding parameters, weldability of SSM F357 aluminium and the mechanical properties of
the welds were verified by means of a 2™ batch of weld samples. The degree of porosity
obtained in the welds was within specification (ISO 13919:2) for all of the samples in the 2™
batch. No weld cracking occurred in any of the samples and the use of a custom-made nozzle
resulted in welds that were 95% free of undercut and therefore had very good weld geometries.

e The lower degree of scatter in hardness values across the welds and higher tensile properties
obtained with the 2™ batch of samples are indications of a more stable welding process with the
custom-made nozzle than with the ASK nozzle.

e With the current laser welding parameters it was possible to produce welds with similar tensile
properties to that of the base metal in both the as-cast and T4 conditions. The tensile properties
of the welded joint which was performed on pre-weld T6 heat treated material were however
lower than that of the base material, as expected.

e The chemical analyses done on weld metal samples revealed almost no variation in Mg content
between the base metal and the weld metal. Therefore, with a relatively high welding speed and
good gas protection during laser welding it was possible to retain the chemical composition of
the weld metal.
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A suitable method for measuring quench rate after laser welding has been successfully set up.
The measured quench rates obtained after the solution treatment and laser welding showed a
somewhat lower quench rate after laser welding, but were found to be sufficient for the retention
of the solid solution in the Al-Si-Mg alloy. Therefore, the quench rate during laser welding is
higher than the critical quench rate required.

Deep penetration laser welding can be successfully applied to SSM Rheo-cast F357 aluminium
in terms of weld quality and properties.

The second objective of the study was to produce laser weld seams with mechanical properties of
the T6 temper condition without the need for a post-weld solid solution heat treatment. It had to be
shown that the quench rate during laser welding is sufficient for the retention of the WM solid
solution, because only then the mechanical properties to the T6 performance specification could be
achieved with only a post-weld aging treatment. The usefulness of the Quench Factor Analysis in
predicting the as-aged yield strength of F357 aluminium was also investigated. With regards to this
objective and the findings of the study, the following main conclusions were drawn:

Similar hardness and tensile properties to that of the T6 base material were obtained with T4
material which was welded and then artificially aged at the same temperature and time as that of
the T6 heat treatment (T4+ condition). This has been verified by means of a 2™ batch of
welding samples and thus does suggest that the degree of solid solution obtained during laser
welding, together with the fine weld microstructure, is sufficient to eliminate or replace the
solution heat treatment required to acquire T6 temper properties.

Due to the elimination of undercut in the 2 batch welds, almost all the samples (F, T4 and T4+
heat treated conditions) fractured in the base metal.

No significant difference in tensile properties could be observed between modified and
unmodified weld joint samples, because most of the samples failed in the base material. The
base metal therefore seems to be the limiting factor (weaker link) in terms of tensile properties
and not the weld metal.

The tensile properties of pre-weld T6 heat treated samples were found to be much lower than
that of pre-weld + post-weld T6 heat treated samples due to the modified WM structure
obtained after post-weld T6 treatment. This is known to provide an immediate means to

[ ]
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improve the strength, since it leads to the formation of a significant amount of 8" precipitates in
the weld, but it is not recommended due to residual stress formation and distortion accompanied
by the treatment.

e The Quench Factor Analysis is useful in predicting the as-aged yield strength of autogenously
welded F357 aluminium alloy.

The third and final objective of the study was to characterise the microstructures within the
optimised area of the laser welding parameter window and to verify the strengthening mechanisms
obtained during laser welding of the T4+ treated material. In this regard, there were only two main

conclusions:

e The centreline WM microstructures of all pre-weld treated material consist of a dendritic
structure due to the fact that all welds experienced the same solidification conditions and the
fine WM grain size contributed about 10% to the weld metal hardness.

e It has been confirmed through the TEM study that the thermal cycle associated with the laser
welding process is responsible for the dissolution of strengthening precipitates in the weld metal
of F357 aluminium. Also, it has been confirmed that the same strengthening mechanisms
applicable to T6 heat treatments are invoked through the T4+ heat treatment.
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APPENDIX A

Experimental Detall

Table 9: Matrix of experimental parameters changed during the first trial of laser welding bead-on-
plate tests done at 3.8kW power at workpiece, 14 /min He + 6 I/min Ar shielding gas (leading
nozzle) and 5 /min Ar purging gas. Focal plane is at top surface of plates.

Welding Power Power Spot Centre-to-centre ]
speed intensity intensity separation spot separation Porosity
[m/min] | distribution | distribution distance distance [Pores/mm]

setting [mm] [%] setting [mm] [mm]

3.75 12.3 52/48 17 0.48 0.52
4 123 52748 16.825 0.38 057
3 12.3 52748 16.85 0.4 0.48
4 123 52/48 16.9 0.42 0.78
3 123 52748 17 0.48 1.00
4 12.3 52748 171 0.53 1.22
35 12.35 50/50 17 0.48 0.22
35 12.35 50/50 17 0.48 0.23
35 12.35 50/50 17 0.48 0.48
35 12.35 50/50 174 053 0.44
35 12.35 50/50 174 053 0.67

3.75 12.35 50/50 16.825 0.38 0.25

3.75 12.35 50/50 16.825 0.38 0.37

3.75 12.35 50/50 16.9 0.42 0.39

3.75 12.35 50750 17 0.48 0.33

3.75 12.35 50750 17 0.48 0.55

375 12.35 50/50 71 0.53 0.73
4 12.35 50/50 16.925 0.38 0.22
3 12.35 50/50 16.825 0.38 0.41
3 12.35 50/50 16.825 0.38 0.64
4 12.35 50/50 76.9 0.42 0.20
3 12.45 47753 16.825 0.38 0.43
3 12.45 47153 16.825 0.38 0.73
35 125 47753 17 0.48 0.48
4 125 45755 16.825 0.38 0.13
4 12.5 45/55 16.825 0.38 0.16
4 12.5 45/55 16.825 0.38 0.21
4 125 45/55 16.825 0.38 0.53
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Table 10: Tensile test results and fracture positions of (A) unmodified weld joint samples and (B)
modified weld joint samples of 2™ material batch.

(A)
Heat Mg HV10 YS | UTS A Fracture Position
Treatment % |BM| W [[MPa] | [Mpa] | [%]
0.7 | 8 {108 ]| 135 246 6.5 BM : Small cast defect
F “ “ “ 134 241 8.0 BM
“ “ « 132 244 9.5 BM : Micro-pores
0.68 |127 141 | 363 371 4.7 BM : Micro-pores
T4+ “ ¢ ¢ 319 368 | 6.0/5.3 BM
“ « “ 298 336 24 HAZ : Weld defect
0.58 [105]104]| 172 292 10.5 HAZ
T4 “ “ “ 177 265 6.8 BM : Smlaa cast defect
¢ ¢ “ 177 260 6.9 BM: Severe cast defect
0.63 |[125]126| 305 356 6.3 BM / HAZ : Small cast defect
312 355 5.2 BM : Small micro-pores
0.63 | 128133 | 344 367 42 BM : Small cast defect & micro-
T4+ pores
“ “ “ 313 360 3.8 BM : Small cast defect
“ “ “ 314 359 3.2 BM : Small cast defect & micro-
pores
Té6 + 0.68 | 125]137| 312 356 6.3 BM
Post-weld T6 | 0.67 | 132|134 | 322 364 7.5 BM : Small cast defect
232 280 2.0 HAZ / WM : Micro-pores
T6 215 244 28 WM : Micro-pores
B)
Heat Mg HV10 YS UTS A Fracture Position
Treatment % BM | W | [MPa)] | [MPa] | [%]
0.7 86 | 108 | 136 231 7.4 BM : Small cast defect
F “ “ “ 133 236 6.0 BM : Cast defect
“ “ “ 135 243 9.6 BM : Cast defect
0.68 |127 1141 | 278 | 284 53 BM : Severe casting defect
T4+ “ “ “ 311 360 7.6 BM : Cast defect
“ “ “ 312 346 2.4 BM : Cast defect
0.58 |105{104} 179 285 11.6 BM : Cast defect
T4 “ “ “ 173 288 13.8 BM
“ “ “ 172 288 15.2 BM
063 |125]|126| 294 333 3.9 BM
0.63 |128 133 ] 314 363 5.1 BM : Small cast defect
T4+ “ “ « 317 365 6.3 BM
“ “ “ 321 363 5.5 BM : Small cast defect
T6 + 0.68 | 125|137 321 361 5.9 BM : Cast defect
Post-weld T6 | 0.67 | 138 | 134 | 303 306 3.8 BM : Cast defect
0.68 | 140 | 110 | 245 322 2.5 HAZ
T6 “ “ “ 242 315 4.0 HAZ / WM : Pores
“ 141 ] “ 227 302 5.1 BM
“ 143 | 227 301 4.3 BM
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