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Abstract

The increasing use of aluminium alloys in the transportation industry, e.g. in
aeronautics, creates the need for research on more efficient and reliable welding
processes to be used. In order to allow the industry to use novel manufacturing
techniques as Laser Beam Welding and Friction Stir Welding, which promise
high efficiency but still lack dedicated research, there is a need for further
experimental and numerical work. The present dissertation, with a predominant
experimental focus, aims to contribute:
e to the assessment of the mechanical behaviour of structural connections
manufactured using these new processes, and
e to fundamental knowledge and to damage tolerance criteria of modern
lightweight monolithic stiffened panels.

Since heat generation is a fundamental aspect of any welding technique, an
effective temperature measurement procedure that could be applied to any
welding process was developed. Gas Metal Arc Welding, an aggressive and well
known welding method, was used as a basis for the development of an accurate
temperature measurement procedure. Fibre Bragg grating sensors proved to be a
convenient, novel means of temperature field acquisition, validated in this thesis
using other techniques. Also, a comparison of temperature fields of Metal Inert
Gas welding, Laser Beam and Friction Stir Welding was carried out.

Residual stresses are locked-in stresses which exist in a structural part in the
absence of any service or other external loads. Residual stresses may be
detrimental, e.g. in fatigue, and promote structural failures. They are caused by
mechanically induced plasticity or by thermal effects which arise from a
production process as welding. A comparative study of several residual stress
measuring techniques is presented, since quantitative estimation of residual
stresses is important for the safe performance of structural components.

The mechanical behaviour of Friction Stir Welded and Laser Beam Welded joints
was the object of three separate but complementary studies.

Due to design constraints, friction stir welded components may include notches in
the weldment and so far there is no available information on the fatigue
behaviour of such structural details. Therefore, in a first study the effect of
notches on friction stir weldments was investigated.

In the second study an experimental characterization and computational
modelling analysis of dissimilar friction stir welded butt joints performed between
aluminium alloys 6061-T6 and 6082-T6 was carried out. Bending tests were
performed to characterize this example of multimaterial joint, a type of
connection made possible by Friction Stir Welding. An approximate finite element



modelling of a bending test of a weldment, taking into account the spatial
dependence of the tensile strength properties, was made.

Notwithstanding the widespread interest in the possibilities offered by Friction
Stir and Laser Beam Welding, data concerning the fatigue behaviour of joints
obtained using these processes is still needed. Research work on S-N and fatigue
crack growth data concerning the weld zone is required to provide tools to assess
fatigue behaviour. The third study is a contribution to this effort, contrasting the
fatigue behaviour of joints made using a traditional process, Metal Inert Gas
welding, with those made with Laser Beam and Friction Stir Welding.

An aircraft fuselage structure includes, among other parts, the external skin and
longitudinal stiffeners. Most commonly stiffeners are connected to the skin by
means of fasteners (rivets). Stiffeners improve the strength and stability of the
structure and provide means of slowing down or arresting the growth of cracks in
a panel. Riveted stiffeners remain intact as a crack propagates under them,
providing an alternative path for the panel load to pass. The continuous need for
lower costs and the emergence of new welding technologies as Laser Beam and
Friction Stir Welding has brought interest on large integral metallic structures
for aircraft applications. However, studies show that a crack approaching a
stiffener propagates simultaneously in the skin and into the stiffener and breaks
it.

Damage tolerance analysis for these structures is performed using linear elastic
fracture mechanics concepts where the stress intensity factor plays a
fundamental role. Fracture mechanics in conjunction with the Paris and other
propagation laws are widely used to analyze and predict crack growth and
fracture behaviour of aircraft panels. To study crack growth, and predict
remaining life of stiffened panels, rigorous numerical analyses have to be
performed to compute stress intensity factors. A study on three-dimensional
stress intensity factor solutions for a cracked stiffened plate using the Finite
Element Method was carried out.

The European Union DaToN project aims to provide missing fundamental
knowledge and assessment tools for the damage tolerance of integrally stiffened
structures produced by means of three novel production methods: Laser Beam
and Friction Stir Welding and High Speed Cutting or High Speed Machining. A
testing programme which included fatigue crack growth rate of High Speed
Machining, Laser Beam and Friction Stir welded stiffened panels was performed.
This test programme was complemented by a Scanning Electron Microscopy
analysis of the fractured specimens.
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Resumo

O aumento do uso de ligas de aluminio nas industrias de transporte, como por
exemplo na aerondutica, fomenta a necessidade de investigacdo relativa a
técnicas de soldadura eficientes e aplicaveis nesse contexto. Esta tese pretende
ser um contributo, com enfoque predominantemente experimental, para o estudo
do comportamento mecanico de juntas realizadas por técnicas de soldadura
movadoras com elevado potencial mas que, porém, necessitam ainda de um maior
conhecimento. Entre estas encontram-se a soldadura laser (Laser Beam Welding)
e a soldadura por friccdo linear (Friction Stir Welding). O trabalho agora
apresentado pretende dar um contributo para uma melhor compreensao:

e do comportamento mecanico de juntas soldadas por estes processos, e

e do comportamento a fadiga e da tolerancia ao dano de estruturas

fabricadas utilizando estas novas técnicas de soldadura.

Tendo em conta que a geracio de calor é um aspecto fundamental em qualquer
tipo de soldadura, foi desenvolvida uma técnica eficiente para a medigao de
temperatura durante a sua execucao. Este estudo, visando o desenvolvimento de
um método capaz de medigoes precisas de temperatura, foi realizado para um
ambiente agressivo como o existente na soldadura por arco eléctrico. Foi
desenvolvido um processo conveniente para medir campos de temperatura usando
sensores de Bragg, e esta aplicacdo inovadora destes sensores foi validada usando
outros processos mais usuais de medi¢do de temperatura. Foram ainda
comparados os campos de temperatura desenvolvidos em soldadura Metal Inert
Gas, por Friction Stir Welding e por laser.

As tenséOes residuais sdo tensodes existentes numa estrutura sobre a qual nao
actua nenhuma carga externa. KEste tipo de tensées pode contribuir
negativamente para falhas estruturais. As tensdes residuais podem ser criadas
por plasticidade mecanicamente induzida ou por efeitos térmicos resultantes do
processo de fabrico, como por exemplo durante o processo de soldadura. O
conhecimento do campo de tensées residuails existente é portanto muito
importante para o correcto funcionamento de uma estrutura. Assim sendo, foi
realizado um estudo comparativo de diferentes técnicas para medi¢cdo do campo
dessas tensoes.

Nesta tese ¢é apresentado um estudo, composto por trés trabalhos
complementares, sobre o comportamento mecanico de soldaduras laser e
soldadura por Friction Stir Welding.

Devido a restrigoes de design, os componentes soldados por Friction Stir Welding
podem incluir entalhes no proprio corddo, e até ao momento ainda nao existe
informacdo disponivel sobre o comportamento de estruturas com estas
particularidades. Assim, no primeiro trabalho é realizado um estudo sobre o
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comportamento de estruturas contendo entalhes em cordoes criados por Friction
Stir Welding.

No segundo trabalho ¢é apresentado um estudo sobre a caracterizagao
experimental de juntas dissimilares, compostas pelos aluminios 6082-T6 e 6061-
T6 soldados por Friction Stir Welding. Para caracterizar este tipo de juntas
multimaterial foram realizados ensaios de dobragem, um tipo de ensaio ainda nao
documentado na literatura, neste contexto. O ensaio de dobragem foi modelado
através de um modelo simplificado de elementos finitos, tendo em conta a
variacdo das propriedades mecanicas do material nas diferentes zonas de um
provete soldado.

Apesar do elevado interesse nas técnicas de soldadura laser e Friction Stir
Welding, ainda existe a necessidade de mais informacgao sobre o comportamento a
fadiga das respectivas juntas, nomeadamente através de ensaios S-N e de
propagacdo de fendas. Assim, o terceiro trabalho é uma contribuicdo neste
sentido, contrastando o comportamento a fadiga de juntas soldadas por um
processo tradicional, soldadura por arco eléctrico com gas inerte, e juntas obtidas
por soldadura laser e Friction Stir Welding.

Na industria aeronautica a fuselagem de um avido inclui, entre outros
componentes, o painel externo e reforcos longitudinais. Presentemente os reforcos
sdo ligados ao painel da fuselagem por meio de rebites. Estes reforcos melhoram a
resisténcia e estabilidade da estrutura e sdo um meio para desacelerar ou mesmo
deter o crescimento de fendas. Os reforcos rebitados podem permanecer intactos
quando uma fenda se propaga no painel, e funcionam como um caminho
alternativo para a distribuicdo de forgcas. No caso de uma estrutura integral, que
pode ser obtida por exemplo por Friction Stir Welding, uma fenda ira propagar
simultaneamente no painel e no refor¢o, causando a fractura do mesmo.

O estudo da tolerancia ao dano pode ser efectuado usando conceitos de mecanica
da fractura linear elastica, sendo o factor de intensidade de tensdo um dos
principais. A mecanica da fractura pode ser usada em conjunto com a lei de Paris
ou outra lei de propagacao para prever a vida a fadiga de fuselagens aeronauticas.
De modo a estudar a propagacao de fendas e prever a vida residual a fadiga de
painéis aeronauticos reforcados é necessario realizar simula¢bes numéricas
complexas, e nesta tese é apresentado um estudo numérico tridimensional do
factor de intensidade de tensdo em painéis fissurados contendo reforcos.

O projecto da DaToN, da Unido Europeia, tem como objectivo estudar e
desenvolver ferramentas que permitam o conhecimento da tolerancia ao dano de
estruturas integrais que contenham reforcos. As estruturas integrais estudadas
neste projecto (painéis com dois reforcos) foram produzidas através de trés
diferentes processos: maquinagem de alta velocidade, soldadura laser e Friction
Stir Welding.

Foi realizado um programa de ensaios que inclui o estudo da velocidade de
propagacado de fendas em cada tipo de painel. Este estudo foi completado pela
analise das diferentes superficies de fractura usando microscopia electrénica de
varrimento.
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Resumeé

L’usage croissant de 'aluminium dans les industries des transports, comme par
exemple dans l'aéronautique, a entrainé au développement de techniques de
jonction structurale plus efficaces et applicables dans ce contexte d’utilisation. Ce
travaille de these de doctorat, avec un accent prédominant expérimentale, vise
contribuer a 1'étude du comportement mécanique des joints produits avec des
technologies de soudage émergentes, mais pas encore suffisamment établies dans
le contexte aéronautique. Parmi celles-ci, le soudage par friction malaxage (en
Anglais, friction stir welding) et le soudage laser (en Anglais, laser beam welding)
sont l'objet du présent travail, que vise a
e ¢étudier le comportement mécanique des joints soudés par ces procédés,
e contribuer a la connaissance relative a la tolérance au dommage
mécanique (en Anglais: damage tolerant behaviour) de structures
fabriquées avec ces techniques.

Vu que la génération de chaleur est un aspect fondamental de tous les procédés
de soudage, une technique pour mesurer des champs de température a été
développée. Un environnement particulierement agressif a été choisi pour cette
étude, qui a été conduite sur la soudure MIG. Une utilisation innovatrice des
senseurs de fibre de Bragg a été développée et validée, utilisant des procédés
classiques alternatifs, comme la thermographie et les thermocouples. Une étude
comparative des champs de température générée par MIG, soudage par friction
malaxage et soudage laser a aussi été conduite.

Les contraintes résiduelles sont des contraintes qui existent dans un solide en
labsence de chargement externe. Ce type de contraintes peut avoir des
conséquences négatives sur l'intégrité structurale, particulierement en ce qui
concerne la résistance a la fatigue. Elles peuvent étre le résultat soit d’effets
thermiques, soit de déformations plastiques générées pendant des procédés de
soudage. Alors, la connaissance des champs de contraintes résiduelles est
importante, et des procédés pour les mesurer ont été étudiés en détail, avec le but
de comparer leur performance.

Une étude du soudage par friction malaxage est présentée dans cette these. Trois
aspects complémentaires ont été abordés:

Le probleme des entailles qui existe dans les joints obtenus par friction malaxage,
probléme pas encore traité dans la littérature technique et scientifique, est étudié
avec un programme d’essais de fatigue réalisés en control de force.

Le second aspect est la possibilité de réaliser des joints avec des matériaux
différents. Des joints de ce type ont été réalisés et testés particulierement avec
des essais de flexion et modelées par la méthode des éléments finis, une
application pas encore documentée dans la littérature.



Le troisieme aspect est une comparaison systématique du comportement en
fatigue des joints obtenus par friction malaxage, soudage laser et MIG. Le
principal objectif de ce travail est le comportement du type SN, mais des essais de
caractérisation de la propagation ont aussi été aussi réalisés, pour étudier
I'influence des altérations des matériaux dus au soudage.

Dans l'industrie aéronautique, le fuselage d'un avion comprend, parmi d’autres
composants, le panneau externe (peau, ou en Anglais skin) et des renforcements.
Typiquement les renforcements sont liés a la peau par des rivets. Ces
renforcements contribuent a la résistance de la structure, dans la mesure ou ils
ralentissent la propagation des fissures. Néanmoins, dans une structure
monolithique, comme les structures produites par soudage, une fissure peut se
propager dans la peau et peut aussi se propager dans le renforcement, conduisant
ainsi a la rupture.

L’étude de damage tolerance est conduite avec des notions de la mécanique de la
rupture, particulierement la notion de facteur d’intensité de contrainte. Avec la
loi de Paris ou d’autres lois de propagation, la mécanique de la rupture permet de
modeler la vie en fatigue de structures, comme les panneaux renforcées en
aéronautique. L’étude du comportement de ces structures impose des solutions
3D pour I'état de contrainte. Ainsi, les effets 3D dans la détermination du facteur
d’intensité de contrainte ont été particulierement étudiés, dans un cas simple
(panneau avec une fissure centrale) et dans le cas d'un panneau renforcé.

Le projet de recherche DaToN, de 'Union Européenne, a comme objectif étudier
et développer des outils qui permettent comprendre le comportement mécanique
et de tolérance au dommage de structures réalisées avec les procédés de soudage
para friction malaxage, soudage laser et usinage de haute vitesse (en Anglais,
high speed machining or cutting). Un programme d’essais de panneaux renforcés
et une analyse des surfaces de rupture par microscopie électronique de balayage
sont présentés dans la partie finale de ce travail de thése de doctorat.
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Figure 12 - Schematic drawing of marker insert placement, [73].

The inserts were placed on the advancing and retreating side at three different
heights. From the final position of the markers it was concluded that the bulk
marker material was moved to a final position behind its original position and
only a small amount of the material on the advancing side was moved to a final
position in front of its original position. No material was transported further
backwards than one pin diameter behind its original position. It was verified that
material from the retreating side was transported along with the rotating tool to
the advancing side and parts of it even to a position in front of its original
position. From the analysis along the height it was found that the material inside
the pin diameter is pushed downwards on the advancing side and moved upwards
in the retreating side. This phenomenon is referred as a vertical circular motion.
Three-dimensional plots of the deformed marker provide a good qualitative
characterization of the material flaw of friction stir welds.

To validate this experimental work, in a work by Seidel et al. [73] the FSW
process was simulated with the commercial software Computational Fluid
Dynamics FLUENT. The process was modelled as a two-dimensional, steady
state, and laminar fluid flow past a rotating cylinder. The base material was
treated as a fluid at elevated temperatures. A non-Newtonian power law viscosity
function, which is calculated on experimental flow stress data, describe the
material flow properties. This two-dimensional simulation was able to predict the
material flow in a cold weld at middle heights. Since the amount of vertical
mixing is very small in a cold weld, the material flow is nearly two-dimensional in
a sufficient vertical distance to the tool shoulder. Figure 13 shows the comparison
between the predicted and experimental results. Since the two-dimensional model
was unable to predict the influence of the shoulder on the flow, a three-
dimensional model has to be developed to simulate the influence to the real tool
geometry.
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Figure 13 - Comparison of predicted (black squares) and experimentally (red and
blue marker) observed flow pattern in FSW. The markers of advancing (blue) and
retreating (red) side are displayed in the undeformed and deformed stage. [73]

In another work, Dickerson et al. [74] used copper strips (0,1mm thick) as
markers. The aim was to investigate the marker movement using various
techniques: radiography, tomography and metallurgical sectioning. It was found
that the copper did influence some of the welds. The analysis techniques tested
could easily detect the copper markers. It was also concluded that if the markers
are placed in the top third of the joint line it is possible to get information about
the through thickness flow.

Guerra et al. [75] investigated the flow of metal during FSW using a faying
surface tracer and a pin frozen in place during welding. His work shows that the
material is transported by two processes. The first is a wiping of material from
the advancing front side of the pin onto a zone of material that rotates and
advances with the pin. The material undergoes a helical motion within the
rotational zone that rotates, advances, and descends in the wash of the threads on
the pin and rises on the outer part of the rotational zone. After one or more
rotations, this material is sloughed off in its wake of the pin, primarily on the
advancing side. The second process is an entrainment of material from the front
retreating side of the pin that fills in between the sloughed off pieces from the
advancing side. It was found that the material transported by these two processes
has very different thermo-mechanical histories and properties.

This work concludes that there is a large vertical or vortex movement of material
within the rotational zone caused by the wash and backwash of the threads.
Material entering this zone thus follows an unwound helical trajectory formed by
the rotational motion, the vortex flow, and the translational motion of the pin.

1.2.2.10 Metallurgy

The FSW process is now being commercially used in a wide range of applications
despite the fact that for many alloys the metallurgy of the welded joint is still not
fully understood. The first attempt at classifying microstructures in aluminium
alloys was made by Threadgill [76], and subsequently revised [77] when it became
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apparent that the microstructural changes in aluminium alloys were not
replicated in most other metallic materials. A cross section of a friction stir
welded joint can be divided into several distinct regions (Figure 14): Unaffected
Material - A; Heat Affected Zone (HAZ) - B; Thermo-Mechanically Affected Zone
(TMAZ) - C; Weld Nugget - D.

width of tool shoulder

Figure 14 - Distinct regions of the weld zone, [77].

Unaffected material

This 1s material remote from the weld, which has not been deformed, and which,
although it may have experienced a thermal cycle from the weld, is not affected
by the heat in terms of microstructural or mechanical properties.

Heat Affected Zone

In this region, which lies closer to the weld centre, the material has experienced a
thermal cycle that modified the microstructure. There is no plastic deformation in
this area. In aluminium alloy friction stir welds, this zone is susceptible to
corrosion problems.

Thermo-Mechanically Affected Zone

In this region, the material has been plastically deformed by the FSW tool, and
the heat of the process also influences the material. In aluminium alloys this
leads to a region of partially recrystallized grains in which many of the fibrous
grains, which are normally aligned in the rolling direction, are rotated. This can
be very dangerous as the newly aligned high angle grain boundaries can be
susceptible to stress corrosion cracking. In other materials, the distinct
recrystallized region (weld nugget) is absent and the whole of the TMAZ appears
to be recrystallized. This appears in materials such as pure titanium, b titanium
alloys, austenitic stainless steels and copper which have no thermally induced
phase transformation, which would induce transformation in the absence of
strain. In materials such as ferritic steels, the understanding the microstructure
is made more difficult by the thermally induced phase transformation, and this

can also make the HAZ/TMAZ boundary difficult to identify.

Weld Nugget

The centre of the weld, commonly referred to as the 'nugget zone', consists of a
very fine grained, 1-10um, microstructure. The majority of the grain boundaries
within the nugget zone are high angle (misorientation between grains being
greater than 15°, and are believed to be formed through dynamic
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recrystallization during the stirring process. The width of the nugget zone
depends on the combination of tool design, welding parameters, and alloy
composition. It is suggested that this area is treated as a separate sub-zone of the
TMAZ.

Svensson et al. [78] presented a detailed assessment of the microstructure of
friction stir welds in two aluminium alloys: 5083 (a non-hardenable alloy) and
6082 (a precipitation hardening alloy), using electron microscopy. These alloys are
mostly used in the marine sector and usually welded in a process called "friction
super stir welding" developed by ESAB AB.

It was found that there is a large difference in the welding speed attainable with
the two alloys. Alloy 6082 could be welded much more rapidly than 5083 for the
same plate thickness. Alloy 5083 had relatively uniform grain size, slightly
elongated in the rolling direction, alloy 6082 contained two sizes of grains, owing
to partial recrystallization. The general microstructure of the welds was in good
agreement with previously published investigations: the grain size of the nugget
zone was ~10um in both alloys. The welding affected the particles appearing in
the material. Very fine particles, which to a large extent control the hardness of
6082 alloys, dissolved in the nugget and transformed to a non-hardening type of
particle where the minimum hardness was observed.

Oertelt et al. [79] investigated the microstructure in a friction stir welded
aluminium alloy 2195. The microstructure was analyzed in the as-welded and
post-weld thermal cycle conditions. As-welded microstructure the macrograph
indicates three distinct regions of the weld: Dynamically Recrystallized Zone
(DXZ), TMAZ and HAZ, Figure 15.
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Figure 15 - FS welded AA2195, [79].

The macrographs shows the lack of symmetry along the centreline of the weld,
which is attributed to the nature of the plasticized metal movement around the
tool. Recovered and heavily dislocated grains coexist next to each other. There is
the presence of small precipitates within the grain and long grain boundaries that
are either rich in copper alone or in both copper and iron. With post-weld thermal
cycling, hardness in the DXZ decrease. The average dislocation density in these
regions 1s qualitatively less than that in the as-welded condition. There are small
precipitates containing silver, as well as composite copper-rich precipitates
containing a silver-rich phase, along the grain boundaries. The precipitates
fractions increased with thermal cycling.

Jata et al. [80] tried to develop a basic understanding of the evolution of
microstructure in the DXZ region and relate it to the deformation process
variables of strain, strain rate and temperature. The material used consisted of a
friction stir welded plate of an Al-Li-Cu alloy. In this analysis was found that
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FSW gave rise to noticeable microstructural changes. The deformation in the
TMAZ resulted in severe bending of the grain structure. In contrast, the
microstructure within the weld nugget in which DXZ occurred consisted of grains
which where much smaller and equiaxed when compared to the severe-elongated
and pancake shaped parent metal microstructure. In the DXZ microstructure of
the weld nugget some grains were left with dislocation tangles at the boundaries
suggesting that recovery or/and recrystallization may not been completed.

During FSW, the original grain and subgrain boundaries appear to be replaced
with fine, equiaxed recrystallized grains in the weld nugget. It is unlikely that
dynamic recrystallization occurred via a discontinuous process; it appears that a
continuous dynamic recrystallization (CDRX) process was operative. The process
that appears to explain the present observations is the dislocation-glide-assisted-
subgrain-rotation model. In this model, dislocation glide gives rise to a gradual
relative rotation of adjacent subgrains.

Rhodes et al. [81] have conducted a study to evaluate the microstructural changes
by FSW of a 7075 aluminium alloy. The parent 7075-T6 plate exhibits elongated
matrix grain morphology. There are two populations of strengthening
precipitates: the larger tend to be oriented in the rolling direction of the plate; the
smaller were too small for diffraction analysis. The weld nugget is characterized
by concentric flow lines which represent plastic deformation increments that
develop as the rotating tool pin moves through the joint. Unlike the parent metal,
the weld nugget has a recrystallized, fine equiaxed grain structure. In contrast to
the parent metal, the dislocation density of the weld nugget is quite low. The
recrystallization of the weld nugget grains and the redistribution of the
precipitates indicate that the temperature excursion during joining as above the
solution temperature for the hardening precipitates, but below the melting point
of the alloy. The transition between the parent and the weld nugget is
characterized by a highly deformed structure. The elongated grains of the parent
metal have been deformed in a flowing pattern around the nugget. These grains
have not recrystallized, as occurs in the weld nugget. This 7075 alloy is difficult to
weld with typical welding techniques; nevertheless FSW provides a method for
joining without introducing a cast microstructure.

Benavides et al. [82] published a study comparing the residual grain size and
microstructure in a 2024 aluminium alloy friction stir welded at room
temperature (30°C) and low temperature (-30°C). It was found that the weld
efficiency declines appreciably at low temperature, and also that the actual weld
zone shape and size decreases with temperature. This narrowing of the weld zone
was reflected on microhardness tests. Comparing the recrystallized grain
structure near the top and the bottom of the weld centre line it was found that
there is an increase in the weld zone equiaxed grain size from the bottom to the
top, but in the low temperature the difference is smaller from bottom to top. The
grain size is considerably smaller in the low temperature weld.

Sutton et al. [83] presented a detailed study of the variations in microstructure in

a 2024-T3 aluminium friction stir welded joint. It was observed that the nugget
has a refined microstructure. At the edge of the welding tool pin an abrupt
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transition from highly refined, equiaxed, grains comprising the nugget to
deformed base metal grains occur. At a location corresponding to approximately
the tool shoulder radius on the advancing side relatively coarse, recrystallized
grain structure is observed. Banded structure appears most pronounced near the
mid-thickness of the weld. These banding results from the alternating regions of
high and low particle density, the band spacing corresponds to the welding tool
advance per revolution. This implies that homogeneity of the microstructure can
be modified by changing the welding parameters. It was found that the fracture
path is strongly influenced by the microstructure. During the early stages of
crack growth under mixed-mode loading, fracture propagates along particle-rich
bands. As the cracks growth along the bands and the direction of the band
changes, it is conjectured that the reduction in tensile stress perpendicular to the
bands eventually becomes inconsistent with crack growth in the bands under the
applied loading. At that point, the fracture path transitions and the fracture
occurs along a path that stays within the FSW and near the advancing side of the
FSW.

Liu et al. [84] used light metallography (microscopy) and Transmission Electron
Microscopy (TEM) to characterize the microstructure of a friction stir welded
6061-T6 aluminium alloy. It was found that the frictional heating is greater near
the top surface (250°C). This effect 1s shown by hardness measurements as a
slight softening relative to the weld zone base. There was also softening
throughout the weld zone compared to the workpiece hardness even though the
average grain size i1s reduced by a factor of 10 (characteristic of dynamic
recrystallization). The TEM analysis suggests that although there was a
reduction in the grain size by dynamic recrystallization, there is a reduction in
dislocation density. Complex precipitation phenomena associated with transition
zone extending between the workpiece and the actual weld zone was found.

Flores et al. [85] investigated a compositionally modified 1100 aluminium alloy
forming a stable microdendritic (second-phase), equiaxed cell structure that was
friction stir welded. Friction stir welds in as-cast and as-cast-and-50% cold-rolled
alloy plates produced a DXZ weld zone with homogeneously re-distributed
precipitates or second phase particles due to the severe plastic flow. Results
indicate that the workpiece microstructure has an insignificant effect on the FSW
process in contrast to the tool rotational speed.

Lienert et al. [63] studied the microstructure of a stir welded mild steel. The weld
area displayed several microstructurally distinct regions including the stir zone
along the weld centreline, the HAZ surrounding the stir zone, and the base metal.
Unlike welds on aluminium alloys no distinct TMAZ was identified in the steel
welds. Comparison of metallographic from the weld stir area and the remainder
of the weld show a greater number of composite structures of Mo formed in early
stages of mechanical alloying in the weld start are, suggesting high transfer and
mechanical mixing of tool material with material from the workpiece.
Extrapolation of measured temperatures of the stir zone exceed 1100°C.
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Yang et al. [86] carried out a metallurgical analysis on banded microstructure in
aluminium 2024-T351 and aluminium 2524-T351 aluminium friction stir welds.
In both alloys FSW zones was identified a band structure. These bands indicates
the presence of periodic variations in the size of equiaxed grains, microhardness
and concentration of base metal impurity particles that correlate with the
observed band spacing. Even though particle segregation is less evident in 2524,
the microhardness measurements show variation across the bands in both alloys,
suggesting that refinement and redistribution of secondary particles are not the
primary source of bond to bond variation in microhardness.

1.2.2.11 Monitoring

Monitoring the FSW process has become important since this joining technique
rapidly expanded its application. Chen et al. [87] carried out a research to find an
in-process sensing technique that allows for real-time monitoring of the tool
condition and product quality. They conducted the first study on the use of
Acoustic Emission (AE) technique to monitor FSW process. Wavelets with an
order six are used to decompose the signals. Due to the fast response and high
signal-noise-ratio, the AE signals can play an important role in the on-line
monitoring of the FSW process. There are significant sudden changes in the band
energy at the moment when the probe penetrates into and pulls out of the weld
joint, as well as when the shoulder makes contact with or detaches from the
plates. The band energy variation during the traversing of the tool over the
defected region reflects the existence, location, and size of the weld defects. A
three-dimensional representation of band energy vs. time and scale gives valuable
information on the potential weld defects during friction stir welding.

1.2.2.12 Joint properties

1.2.2.12.1 Hardness profiles

Hardness profiles have been made across friction stir welds for several
aluminium alloys. As already mentioned, the profiles are extremely useful, as
they can assist in the interpretation of the weld microstructure and mechanical
properties. The exact shape of the weld profile depends on the alloy type being
welded, and the processing conditions.

Leal et al. [88] studied the effect of the weld travel speed on the defects formation
and on changes in the hardness profiles of the friction stir welds in alloys 5083-0,
2024-T3 and 6063-T6. In the 6063-T6 alloy hardness drastically decrease in the
weld-deformed zone, but alloys 2024-T3 and 5083-O have hardness respectively
identical and superior to that of the parent material. The increase of travel speed
increases the plastic flow speed and the grade of dynamic recrystallization is
lower than for lower travel speeds. The increase in welding speed produces the
strain hardening of the material which causes reduces the in plastic capacity. The
heat developed by friction may not be enough to compensate this hardening and
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the plastic deformation happens in the grain boundary occasioning the appearing
of cracks in the zone. Defects tend to form only in alloys 5083-O and 2024-T3.
These defects tend to form on the advancing side. The increase of the weld travel
speed augments the frequency of defects formation and the increase of the axial
force changes its position from the surface to the centre of the weld.

A study of a non-heat treatable alloy such as the 5083 was conducted by Svensson
et al. [78]. The hardness profile was found to be practically constant across the
weld (Figure 16a)). For this type of alloy, the main strengthening mechanism is
through deformation hardening and the build up of high dislocation densities in
the deformed microstructure. Analysis of the microstructure confirmed that the
dislocation density of the base material was low. Although the nugget zone had
undergone a considerable amount of deformation, the final microstructure was
recrystallized, and so the dislocation density in the weld nugget was also low,
leading to the uniform hardness profile.

In the same study, it was found that for heat treatable aluminium alloys such as
6082, the microstructure of the base alloy and weld zone are very different,
leading to variations in hardness across the weld, Figure 16b). For this alloy, the
average hardness of the nugget zone is significantly lower than the base alloy.
Furthermore, there is a region either side of the nugget zone corresponding to the
HAZ which has an even lower hardness. For alloys such as 6082, the main
strengthening precipitate is (MgsSis) which is stable at temperatures >200°C. In
the friction stir weld, the peak temperature in the HAZ is expected to be
approximately 350°C, and so on heating, the (MgsSis) precipitates dissolve. The
small Mg 751 precipitate are formed on cooling. They have less of a strengthening
effect which gives a much smaller contribution to strength and hardness. It has
also been suggested that the difference in grain size between the weld nugget and
the HAZ could account for the difference in hardness between the two zones,
although this has yet to be confirmed.
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Figure 16 - Hardness profiles: a- AA5083; b- AA6082. [78]
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Sato et al. [89] have conducted a study to confirm the use of FSW for ultrafine
grained materials by using the aluminium alloy 1100 produced by Accumulative
Roll-Bonding (ARB). Due to grain refinement induced by ARB the hardness of the
material increased from 30HV to 85HV. Figure 17 shows the Vickers hardness
profile across the stir zone of the friction stir weld of the ARB material and the
starting material. It should be noticed that only the stir zone of the starting
material and the ARB material have the same hardness. FSW results in a
decrease of hardness in the ARB material and an increase in the starting
material. Gas tungsten arc welding of the ARB material was attempted and
resulted in a hardness of 30HV. This suggests that FSW is a much more
favourable process for retention of high hardness in ARB material than a
conventional fusion welding.
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Figure 17 - Vickers hardness profiles across the stir zone in the FS welds of the ARB
and starting materials, [89].

Lienert et al. [63] studied the hardness of a friction stir welded mild steel. The
hardness of the parent material was 135HV, while the hardness of the stir zone
ranges from 155HV to 1756HV. Hardness decreases with increasing distance from
the stir zone from approximately 150HV to 160HV in the grain coarsened region
to between 135HV and 140HV in the base metal.

Ericsson et al. [90] compared the hardness profile of joints welded by FSW, Metal
Inert Gas (MIG) and Tungsten Inert Gas (TIG). Joints of aluminium alloy 6082
welded at two different weld speeds were investigated. The results are presented
in Figure 18. For FSW, T6 hardness drops in the HAZ due to distortion and
growth of precipitates, being the minimum 70HYV reached around the weld/HAZ
border for the high speed specimens. It was verified that the width and depth of
the HAZ are larger for the low speed specimens. The MIG pulse welded specimens
have a higher hardness decrease in the weld than the FSW specimens; occurring
the minimum value of 60HV in the centre of the weld. The hardness decreases at
the beginning of the HAZ followed by a small increase and after that another
decrease appears in the area closest to the joint line. In the TIG welded
specimens a HAZ with a slightly larger width than that of MIG was produced
because it has a higher heat input per unit length.
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1.2.2.12.2 Residual stress measurements

Since FSW is a low temperature welding process compared with other techniques,
it 1s believe that residual stresses are low in these weldments.

In a comprehensive study of the development of residual stresses by Donne et al.
[91], 4mm thick aluminium alloy sheets 2024-T3 and 6013-T6 friction stir welded,
X-rays (10um penetration depth in aluminium) were used to determine the
residual stresses within the weld surfaces, while high energy synchrotron
radiation and neutrons (10um penetration depth in aluminium) measured the
stresses developed within the bulk of the weld. The SIF due to residual stresses
was determined directly with the so called "cut compliance method" (strain
change due to the progression saw cut measured by a strain gage). The cut
compliance method delivers the residual stress as a SIF, suitable for direct use in
fracture mechanics studies. The results of the investigations show an
inhomogeneity in the residual stress distribution in the three principal directions.
In longitudinal and transverse direction, diffraction methods yield an "M" form
stress distribution, with a small compressive residual stress measured in the
weld seam, and tensile residual stresses in the TMAZ and HAZ regions.
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The maximum values of the tensile residual stresses are located in the HAZ, but
then they fall quite quickly, with small compressive stresses observed in the
parent plate adjacent to the HAZ. It was found that the maximum residual
stresses, independent on the pin diameter, welding speed and rotational speed of
the tool, were higher in longitudinal direction than in transverse direction.
Residual stress levels were found to be dependant upon the probe diameter and
rotational speed, and the welding speed. Larger probes inevitably produce an
increased TMAZ, with a consequent movement of the peak tensile residual
stresses away from the weld, whilst the stresses decrease with decreasing probe
rotation speed and welding speed due to lower levels of frictional heat, and an
increased time for heat transfer into the adjacent parent material. In addition to
a reduction in the tensile residual stresses, a widening of the HAZ was also
observed. For all test conditions the residual stresses were found to be higher in
the longitudinal direction rather than the transverse direction. An example of the
results obtained by Donne et al. [91], Figure 19 shows the residual stress
distribution in the longitudinal direction function of various welding parameters.
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Figure 19 - Residual stresses distribution along the weld of a FS welded 6013-T4
sheet determined with different measurement methods. Welding parameters:
rotational speed 2500min-I; welding speed 1000mm s; shoulder diameter 15mm. [91]

Staron et al. [92] presented a study of the influence of a coolant applied during
welding of aluminium sheets on the residual state of the FSW joint. Liquid CO
coolant was applied near the weld seam for rapid cooling of the weld zone, which
introduces a thermal tensioning effect counteracting the forces which lead to
residual stresses and distortion. The residual stresses across the weld were
measured by neutron diffraction. This technique decreased significantly the
magnitude of the tensile residual stress in the centre of the weld and produce
beneficial compressive stresses. This beneficial effect does not extend into the
HAZ, where tensile stresses were still present.

John et al. [65], present a comprehensive study conducted on near-threshold

fatigue crack growth in friction stir welded aluminium alloy 7050-T7451 and a
titanium alloy Ti-6Al-4V. Tests were conducted on weld coupons as a function of
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specimen geometry (compact tension, eccentrically loaded single edge and centre-
crack tension) and stress ratio to understand the effects of residual stresses in the
HAZ of the alloy. Crack growth rates in the weld regions were characterized using
edge crack (compact tension and eccentrically loaded single edge) and centre-
crack configuration. The crack growth results show that residual stresses play a
key role in the crack growth parallel to the weld path in the HAZ. Although FSW
introduces low residual stresses, this study shows that near-threshold fatigue
crack growth along the weld can still be significantly affected by residual stresses.
In general, the magnitude of the shift in the fatigue threshold in the friction stir
welded coupons is a function of microstructure, residual stresses and specimen
geometry. However, for a constant microstructure, fatigue thresholds at low
stress ratios, were specimen geometry dependent. The thresholds were either
higher or lower than those of the parent material. At high stress ratio, the
differences due to the specimen geometry vanish. Stress ratio studies show that
the centre crack tension geometry is less sensitive to the residual stress effects
compared to the compact tension geometry.

1.2.2.12.3 Tensile Properties

Aluminium alloys

Cross sample tensile tests have been performed on several aluminium alloy
friction stir welds.

For aluminium alloy 5083 welds, the tensile strength varied between 303MPa
and 344MPa depending on plate thickness and welding speed. In this alloy,
fracture was found close to the centre of the weld. The fracture surface in general
was inclined at 45°. At the root side the fracture surface was very close to the
original joint line, [78]. For aluminium alloy 6082, the tensile strength varied
between 226 MPa and 254MPa. In this alloy fracture never occurred close to the
original joint line. Instead it occurred mostly close to the line where the shoulder
of the tool had touched the top side of the weld.

In a work on root flaws in friction stir welds carried out by Dickerson et al. [93] it
was found that flaws in friction stir welds did not influence the tensile properties
compared to flaw-free welds of aluminium alloys 5083-O and 6082-T6. It suggest
that in these alloys root flaws welds can be considered insignificant when
compared to unflawed welds. But testing aluminium alloy 5083-H321 showed
that root flaws influenced the ultimate tensile strength.

Liu et al. [94] have conducted the first study on FSW of the heat-treatable 2017-
T351 aluminium alloy. It was found that for every revolutionary pitch tested the
tensile properties are lower than those of the base material. When the
revolutionary pitch is greater than 0,13mm/rev, all the tensile properties
dramatically decrease to considerably low levels. This indicates that, also in this
alloy a softening effect has occurred, and the softening level is affected by the
welding parameters. Studying the fracture location was found that as the
revolutionary pitch increases, the fracture location of the joint gradually
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approaches the weld centre. It was also found that the fracture never occurred on
the retreating side, so the tensile properties are better on this side.

Steel

In tensile tests performed on a mild steel by Lienert et al. [63], welded samples
failed in regions corresponding to the base metal and demonstrated yield and
ultimate tensile strengths comparable to those of the base metal. These results
suggest the stir zone and HAZ have greater yield and tensile strengths than the
base metal.

1.2.2.12.4 Corrosion and stress corrosion cracking resistance

The corrosion of friction stir welds was investigated by Davenport et al. [95]. The
mechanism of corrosion in FSW of aluminium alloys 2024 and 7010, and how this
is affected by the processing parameters, were analyzed. It was found that the
tool rotation speed is an important parameter to the corrosion susceptibility of
welds. At higher rotation speeds, anodic attack is concentrated in the HAZ, and
the nugget of the weld act as a local cathode owing to the presence of a large
number of fine precipitates. In contrast, for a slow rotation speed, the reactivity of
the nugget is greater than the HAZ. In all cases, anodic attack is predominantly
intergranular. It was found that the laser surface treatment shows great promise
as a method for protecting friction stir welds from corrosion. It produces a high
homogeneous layer without sensitized grain boundaries or cathodic active
intermetallic particles.

In [96, 97] the applicability of Low Plasticity Burnishing (LPB) as a post-weld
surface treatment to improve the corrosion fatigue performance of a friction stir
welded aluminium alloy 2219 plate is studied. LPB is a new surface enhancement
technology which can provide compression with minimum cold work in the
surface layer of sufficient depth (maximum of 4mm) to effectively eliminate the
degradation in corrosion/fatigue life attributed to salt pit corrosion. This salt
corrosion pitting occurs during exposure to a marine atmosphere and results in
intergranular corrosion; the fatigue strength reduction caused by salt pit
corrosion 1s well established and typically reduces the endurance limit to
nominally half of the uncorred value.

Residual stress distributions mapped by X-ray diffraction through the thickness
of the weld indicates zones of tension parallel to the weld line at the interface of
the weld and parent metal on both advancing and retreating sides. Pitting and
stress corrosion cracking tend to follow these regions of tension. Residual stresses
vary as a function of distance from the weld centreline reaching minimums in the
HAZ region on the advancing and the retreating side. This is likely due to the
LPB procedure. Residual stresses perpendicular to the weld direction are
essentially zero. LPB induced in the weld region high compressive stresses. High
cycle fatigue test were performed at R=0,1 in four-point specimens. LPB provided
nearly complete mitigation of the pitting corrosion damage, with comparable
fatigue performance regardless of salt fog exposure. LPB appears to provide a
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practical weld post-treatment for improved corrosion fatigue performance by 60%
in salt corroded friction stir welded specimens.

1.2.2.12.5 Fatigue and fracture mechanics

Aluminium alloys 5083 and 6082 were fatigue tested by Svensson et al. [78]. In
most specimens, fracture was initiated in the base material or in the centre of the
weld. In only a few specimens the fracture initiated in the weld-base transition.
The fatigue stresses were in general well above the design curve requirement.
There are some indications that lower speed resulted in a higher fatigue
resistance of the weld. Welds in aluminium alloy 5083 exhibited higher fatigue
properties, compared with welds in aluminium alloy 6082.

Dickerson et al. [93] studied the fatigue behaviour of friction stir welds in
aluminium alloys that contain root flaws. If FSW optimized parameters are used
defect free welds are produced, but by using parameters outside tolerance welds
can contain flaws. If parameters outside tolerance are used costs with tests to
assure flaw-free welds can be decreased and higher productivity can be achieved.
Hence the properties of welds with flaws are needed to enhance confidence in the
design and application of FSW. In this study, monotonic strength and fatigue
behaviour of single sided but welds, in aluminium alloys 5083-0O, 5083-H321 and
6082-T6, with and without root flaws was investigated.

It was found that large changes of the optimum welding parameters are needed to
produce welds with root flaws, FSW 1is relatively insensitive to many welding
parameters. An exception is when the plate is too thick for the tool being used.
Root flaws were not detected using non-destructive testing (NDT) methods. This
detection was improved by tension loading the weld while carrying out NDT. It
was found that only bend tests with the root in tension were found to be reliable
to detect flaws. An alternative to NDT is to process control set and maintain
welding conditions where flaws will not be produced, but until now there are no
standards relating specifically to the quality of friction stir welds.

By fatigue tests it was found that root flaws have a significant influence on the
fatigue life of the 5083-H321 welds, but in the other two alloys fatigue tests gave
lives on or above the upper bound live predictions (suggests that the bonding
across the root flaws was sufficient to prevent immediate initiation of fatigue
crack growth).

Lanciotti et al. [98] have conducted a test programme to characterize the damage
tolerance of a friction stir welded 2195-T8 aluminium alloy. Parameters as fatigue
behaviour, crack propagation and residual stresses were analyzed.

In tensile tests was found that friction stir welded specimens have values of
tensile stress and rupture stress respectively 50% and 70% of the base material.
The rupture stress of the weld is lower than the tensile stress of the parent
material.

From microhardness tests it was found that FSW decreased the hardness in 37%
in the limit of the HAZ. Fatigue testing showed a high scatter in specimens of
base material and in specimens friction stir welded in only one step. Results in
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welds performed in two steps were homogeneous. In both welds the fatigue life
decreased, but fatigue lives remained with high values. Cracks always initiate in
the limit of the HAZ, indifferent in the advancing and retreating side.

Residual stress measurements showed a maximum (130MPa) at the centre of the
weld. Outside the weld affected zone the residual stress changes rapidly to a
negative value (-20MPa) that remains almost constant throughout the remaining
plate.

If a crack parallel to the weld direction is present the crack growth rate was
found to be higher than in the base material, when tested at R=0,1. When tested
with R=0,5, the results of crack growth rate in both type of specimens are similar.
If a crack perpendicular to the welding direction is present, a high increase in the
crack growth rate takes place when compared with the base material. An
agreement between experimental and predicted fatigue life was found taking into
account the value of the residual stress intensity factor.

Bussu et al. [99] investigated the effect of weld residual stress and HAZ on the
fatigue propagation of cracks parallel and orthogonal to the weld direction in
friction stir welded 2024-T351 joints. Surface Crack Tension (SCT) specimens and
compact tension specimens were tested. In SCT specimens, semicircular flaws of
1mm nominal radius were introduced by Electric Discharge Machining (EDM).
Residual stresses were measured using the hole-drilling method.

It was found that cracks propagated almost immediately from the EDM defects
and maintained their approximately semicircular shape until becoming through
cracks. Figure 20 shows the crack propagation for both specimen types. It was
verified that the relief of the residual stresses by applying 2% of plastic strain,
originated crack growth rates almost identical to those of the parent plate. The
mechanical stress relief drastically reducing the differences in crack growth rate
and AKi, did not influence joint hardness or microstructure, which indicates that
weld residual stress is responsible for the differences in fatigue crack growth rate
and AKy, values.
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Sutton et al. [100] performed a detailed microstructural study and mode I
fracture tests on three families of friction stir welds of 2024-T3 aluminium plate
designated hot, medium and cold. These families have different levels of nominal
heat input during the FSW process. It was found that the nugget grain structure
1s relatively uniform in all welds, with a banded microstructure in which the
spatial wavelength corresponds to the tool advance per revolution. From the
hardness point of view it was found that the hot welds presents the lowest overall
value and the lower values of hardness occur in the HAZ. Results from mode I
fracture tests indicate that the measured critical Crack Opening Displacement
(COD) at a fixed distance behind the crack tip is a viable fracture parameter for
FSW joints. Fracture tests revealed that all of the welds have lower COD values
than the base material. Measured critical COD values indicate that 2024-T3
FSW's with higher heat input typically have lower measured fracture toughness.
They concluded that differences in fracture resistance could not be correlated
with observed microstructural features.

Sutton et al. [101] performed the first mixed mode I/II fracture experiments on a
friction stir weld. They used 2024-T351 aluminium plates welded with three
different energy inputs levels per unit weld length designated: hot, medium and
cold. In the tests a loss in fracture toughness due to the microstructural changes
produced during the FSW process was verified. Crack paths in the hot weld
closely mirror the base metal crack paths, but the cold and medium welds
resulted in different crack paths. Fractographic observations indicate that the
particle bands serve for initiation of low energy fracture, and that they will
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separate in the presence of sufficiently high local stress normal to the particle
band. It was observed that the initial crack path is along the particle band and
the microstructural features alter this path within the highly non-homogeneous
FSW joint. So, the overall stable growing crack path can be different for different
welding parameters. The COD values indicate that transition from mode I to
mode II dominant crack growth occurs at lower loading angles for FSW joints
having higher specific weld energy input, with truly mixed mode I/Il COD
measured during crack growth in the medium FSW joint.

In the study by Ericsson et al. [90], already mentioned in the hardness section of
this report, the fatigue strength of FSW, MIG and TIG welds was also compared.
TIG welds showed better fatigue performance than the MIG pulse welds, but the
best performance was achieved by the friction stir welds. From fatigue tests it
was found that the scatter is generally small in the friction stir welded specimens.
The results show that the fatigue performance does not decline with increased
welding speeds, being the low welding speed beneficial only at high stresses.

1.2.2.13 Modelling

Considerable experimental work has been reported in the published literature,
but numerical modelling of the process is still very scarce. Numerical modelling is
necessary to improve to understand the physics of FSW.

Chen et al. [102] developed a three-dimensional model based on finite element
analysis to study the thermal history and thermomechanical process in the butt-
welding of aluminium alloy 6061-T6. The model incorporates the mechanical
reaction of the tool and thermomechanical process of the welded material. It
consists of a parametric study varying the traverse speed of the tool.
Experimental values validated the accuracy of the model. Both predictions and
measurements revealed that maximum temperature gradients occur beyond the
shoulder edge. It was also found that the longitudinal residual stress is greater
than the lateral residual stress at the top surface of the weld. Both experimental
and numerical analyses of FSW results show that a higher traverse speed induces
a larger high longitudinal stress zone and a narrower lateral stress zone. The
good agreement obtained between the numerical model and the experimental
results validate the work carried out.

Ulysse [103] presented an attempt to model the FSW process using three-
dimensional visco-plastic modelling. Due to model simplifications, the
temperature predictions tend to be high when compared to experimental data.
However, it was found that both numerical and measured maximum
temperatures tend to decrease as the translation speed increases. While
increasing the welding speed tends to decrease the maximum temperature,
increasing the rotational speed has the opposite effect. With the three-
dimensional model created it was possible to predict the stresses that actuate in
the pin for several welding parameters. It was found that increasing the welding
speed, regardless of rotational speed, has the effect of increasing the axial thrust
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and shear force on the pin. Also, for a fixed welding speed, increasing the
rotational speed has the effect of decreasing the forces acting on the pin.

Song et al. [104] introduced a moving coordinate to model the transient three-
dimensional heat transfer in the FSW process. The coordinate was chosen
stationary with the moving tool; this simplifies the stir process modelling making
the model more accurate. The finite difference method was applied in solving the
control equations. With this model was reduced the difficulty of determining the
temperature distribution near the moving tool pin. It was concluded that preheat
1s beneficial to increase the temperature of the workpiece in front of the pin,
making the material easier to weld.

Zhu et al. [105] conducted three-dimensional non-linear thermal and
thermomechanical simulations for the FSW process using the finite elements
method. Two welding rotational speeds, 300rpm and 500rpm, on FSW of 304L
stainless steel were analyzed. Based on the experimental data of transient
temperature an inverse analysis method was developed and conducted to an
effective calculation of the temperature field. For both rotational speeds a good
temperature agreement between experimental and numerical results was found.
Using the numerically calculated temperature field, the residual stress was
obtained in a subsequent three-dimensional elastic-plastic mechanical simulation.
It was also found that nearly 50% of the total mechanical energy measured from
the FSW machine is transformed to increase the temperature of the workpiece.
The other 50% energy may be dissipated in the large plastic deformation of the
weld material, the clamped fixture strips, and the support plates, and the heat
transferred to the tool and the machine head.

Vilacga et al. [106] proposed a thermal analytical model for FSW called iSTIR. The
model allows simulation of asymmetric heat field developed below the tool
shoulder due to the composition of the rotation and linear speeds, and the hot-to-
cold welding conditions, considered in the establishment of the thermal field
generated resulting from all the energy sources.

51



52



Chapter 2

Temperature field acquisition during
a welding process

Since heat generation is a fundamental aspect of any welding
technique, this Chapter presents the development of an effective
temperature measurement procedure that could be applied to any
welding process. As a basis for the development of an accurate
temperature measurement procedure, an aggressive and well known
welding method - Gas Metal Arc Welding - was used. A feasible
technique for the use of fibre Bragg grating sensors was introduced,
developed, and validated using thermocouple and thermographic
readings.

A comparative study of temperature fields acquired during Metal Inert
Gas welding, Friction Stir Welding and Laser Beam Welding was
performed.

The work presented in Section 2.1 was published by the Institute of Physics
(UK) as: P M G P Moreira, O Frazédo, SM O Tavares, M A V de Figueiredo, M
T Restivo, J L Santos and P M S T de Castro, Temperature field acquisition
during gas metal arc welding using thermocouples, thermography and fibre
Bragg grating sensors, Measurement Science and Technology, 18, p. 877-883,
2007.
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2. Temperature field acquisition during a
welding process

2.1 Development of a feasible technique using fibre Bragg sensors to
acquire the temperature field during GMAW

This study was performed in order to develop effective systems of temperature
acquisition during an aggressively high heat flux welding process such as Gas
Metal Arc Welding (GMAW), MIG (Metal Inert Gas) welding type [107]. It is
expected that a system providing good results with MIG welding will certainly
also perform well with lower heat input welding processes as LBW and FSW.

The arc welding process, invented in Russia in 1888, is currently the most widely
used welding process. The arc and the weld are protected from atmospheric
contamination by a gas shield. An electric potential is established between the
electrode and the workpiece causing a current flow, which generates thermal
energy in the partially ionised gas [108].

Three different temperature acquisition systems were analysed, involving
thermocouples, thermographic equipment and fibre Bragg grating (FBG) sensors.
Two different sets of tests were carried out. In the first tests temperature was
acquired in the plate surface opposite to the weldments using thermocouples and
a thermographic camera. In the second set of tests temperature was acquired
using thermocouples and FBG sensors in the arc weld side of the plate.

An effective technique to use FBG sensors during welding was developed, and two
different types of thermocouples and techniques for their connection to the plates
was tested.

Literature on welding process monitoring includes the synergic use of different
thermographic methods by Meola et al. in [109]. Camilleri et al. [110] studied the
alternative simulation techniques for distortion of a thin plate due to fillet-welded
stiffeners, where temperature gradients were measured with thermocouples and
a thermographic camera. Another example of the applicability of thermographic
techniques in welding is presented by Doong et al. [111], investigating the
feasibility of using infrared sensing devices to measure the surface temperature
variation near the molten pool and to correlate this temperature variation with
the changes in welding parameters.
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2.1.1. Welding process

Weldments were deposited on 10mm thick 500x300mm aluminium alloy 6082-T6
plates. The MIG welding parameters used were: 1704, 26V, 60cm /min and Argon
at a 221/min flow rate. A filler wire with the designation ESAB OK Autrod 18.15
with a diameter of 1mm, [112], was used. Welds were performed using an
automated welding robot, GMF ROBOTICS — Arc Mat Sr., shown in Figure 21.

The rig setup for the studies involving MIG welding presented in Chapters 2 and
3 is shown in Figure 22. The plate was supported in its back surface near its
edges; dashed lines identify the clamping area. The centre area is free in both
surfaces making possible the temperature measurements.

Figure 21 - Robot for MIG welding.

Different sets of tests were performed to acquire temperatures on the plate top
and back surface. The top surface is defined as the surface where weldments were
deposited, and back surface is the opposite surface. Temperatures were only
acquired at the surfaces in order to use these welded plates in future mechanical
tests.
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free back
surface

Figure 22 - Rig setup for the MIG welds.

2.1.2 Thermocouples

Thermocouples are popular transducers used for temperature measurement due
to their large temperature range, stability and low cost. Using thermocouples a
large number of points can be monitored.

Thermocouples are often welded to a metal part or clamped under a screw. They
can be manufactured, for example, by silver-soldering or welding. When the
thermocouple wires are soldered together, third metal can be introduced into the
thermocouple circuit, but as long as the temperature of the junction is uniform an
error is not introduced, [113]. To reach a higher measurement temperature, the
joint must be welded. Since commercial thermocouples are high cost sensors, they
are welded on expensive machinery using a capacitive-discharge technique to
insure uniformity; the thermocouples used in these tests were manufactured in
our laboratory. To weld the thermocouples wires a capacitive-discharge was built
and several manufacturing techniques, including oxyacetylene flame, were tested.
Type K thermocouples (chromel alumel) were used in all tests. They are the most
commonly used thermocouples and support oxidizing atmospheres. Their working
range is from -200°C up to 1100°C, although above 800°C oxidation causes drift
and de-calibration. Thermocouples of K type have a sensitivity of 40,44uV/°C.
Thermocouples with 0,2mm and 0,08mm diameter were tested.

The response time for a thermocouple is defined as the time taken for the thermal
voltage to reach 63% of its maximum for the temperature at that moment [114]. It
is dependent on the thermocouples diameter and length, and tip configuration.
Thermocouples with grounded junctions display response times some 20% to 30%
faster than those with insulated junctions. Very good sensitivity is provided by
fine gage unsheathed thermocouples. With conductor diameter in the range
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0,025mm to 0,81mm, response times in the region of 0,05 to 0,40 seconds can be
realized.

In this work AD 594’s IC’s from Analog Devices are used as complete
instrumentation amplifiers for K type thermocouple with cold junction
compensation and a gain of 247,3 (10mV/°C divided by 40,44uV/°C) for
measuring and amplifying the thermocouple f.e.m. [115]. The signal from each
thermocouple conditioning circuit is then the input signal in a PC using a HBM
Spider 8 system. The circuit that makes the interface between the thermocouples
and the Spider 8 was built in our laboratory, Figure 23.

Figure 23 - Conditioning circuit for thermocouples.

2.1.3 Thermography

Thermography gives an overall full field thermal picture of the welded plate
providing a remote observation of surface temperature distribution [116]. The
thermographic working principle is based on capturing infrared emission from
the part under study [117]. It involves determining the spatial distribution of
thermal energy emitted from the surface of an object. This technique allows
mapping of the temperature distribution and can be used in conjunction with
software analysis to provide quantitative information. Thermography is a non-
intrusive technique that can show reasonably fine detail where the pattern of
radiant energy from a prescribed area of the object in question is scanned
continuously. The radiant energy is converted to an electrical voltage with a
suitable detector and this voltage is then available for further processing. It can,
however, be expensive and the uncertainty is a function of the knowledge of
surface emissivity and the transmission path. The temperature range covered by
thermal imaging systems is of the order of -40°C to 2000°C.

The aluminium plate surface were spray painted black mat prior to welding in

order to have a radiating surface with a black body emissivity near unity (perfect
absorber). For measurements a FLIR ThermaCam PM575 was used.

2.1.4 Temperature measurements, plate surface opposite to weldments

Temperatures were acquired in three points at the plate surface opposite to
weldments using thermocouples and a thermographic camera as shown in Figure
24. These points were positioned just under the weldment line. Thermocouples
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were place at the plate surface. For their connection to the plate a spring effect
capable of preventing any displacement throughout the measuring process was
created. Thermocouple 2 was placed at the middle length of the welding line and
the other thermocouples (1 and 3) were placed at a distance of 15mm before and
after thermocouple 2.

Welding direction

=
@,
=3
=]
()

Measurement

Figure 24 - Points of temperature acquisition in the plate surface opposite to
weldments.

A thermographic camera was positioned behind the plate with three spots located
in the same place as the thermocouples. The result obtained with the
thermographic camera when the heat source is under each point is presented in
Figure 25. The interpretation of the temperature distribution is achieved by post-
processing and conversion to three-dimensional (3D) plots presented in Figure 26.
These three-dimensional plots show how temperature is distributed in the plate
in different welding times.

$FLIR Thernacan SFLIR ThernaCan

a) maximum temperature in the first point, b) maximum temperature in the second
231°C point, 238°C
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QFLIR ThermaCAN

¢) maximum temperature in the third point, 247°C
Figure 25 - Thermographic temperature distribution in three welding moments.
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Figure 26 - 3D temperature distributions at different welding times.

Thermocouples with two different diameters, 0,2mm and 0,08mm, were also used
in this test. Thermocouples were manufactured in-house testing different
techniques to fuse the thermocouples junction: oxyacetylene flame, and electrical
discharge using different contact materials. Also, different solutions to connect
the thermocouples to the plates were tested.
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Firstly, thermocouples of 0,2mm diameter were tested. With this type of
thermocouples and testing several techniques to fuse the thermocouple junction
the difference between maximum values obtained with the thermographic camera
and the thermocouples was of the order of 30°C to 60°C. This result can be
explained by the high response time of these thermocouples. Their response time
1s too slow to follow the high rate temperature changes due to the welding process
speed and to the high thermal conductivity of aluminium (170W/m K).

Thermocouples with the 0,08mm diameter gave better results. Electrical
insulation of the thermocouple was achieved by protecting its measuring part
with a thin clad of cyanoacrylate glue. Since measurements were made at the
plate surface and to compensate a measuring delay due to the cyanoacrylate glue,
thermocouple junction that was in connection with the plate were covered by
silver based compound (silver, zinc oxide, aluminium oxide and boron nitride
particles) with a reasonable conductivity (8,89W/m K). The technique to fuse
(weld) the thermocouples junction that gave the best results was to weld the
junction wires in a Mercury bath by an electrical discharge.

Temperatures obtained in points 1, 2 and 3 using thermocouples of 0,2mm
diameter insulated with cyanoacrylate glue and covered with a silicon based
compound are shown in Figure 27. Temperatures were found to be lower than
expected due to the slow response time of these thermocouples; furthermore,
problems concerning inducted electromagnetic fields noise were present.
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Figure 27 - Temperature time function measured with thermocouples, incorrect
measurements.

The best results were obtained with thermocouples of 0,08mm diameter covered
with a silver based compound. Temperature distributions in points 1 and 3 are
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presented in Figure 28. The result of thermocouple placed under point 2 was
disregarded in this test due to lack of electrical insulation.
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Figure 28 — Temperature time function measured with thermocouples.

A comparison between maximum temperatures in each point acquired with
thermography and thermocouples of 0,08mm diameter is presented in Table 1. A

good agreement between both techniques was found.

Table 1 - Measured temperatures

Acquisition system (temperatures)
Point Thermography [°C] Thermocouples [°C]
1 231 240
2 238 disregarded
3 247 245,2

2.1.5 Fibre Bragg grating sensors

FBG is a periodic modulation of the refractive index of the core of a single mode
optical fibre [118]. Many FBGs with different resonance wavelengths can be
inscribed in a single optical fibre, its number being only dependent on the spectral
width of the optical source used. Current technology allows this number to be
larger than 50. One major advantage of using fibre optic sensors in welding
processes where electrical currents are present 1is their immunity to
electromagnetic interference.

In a work by Suaréz et al. [119] a FBG sensor and a thermocouple were used to
monitor a TIG arc welding process. In that work the FBG sensor was placed in
the side of the plate opposite to the welding line and some difficulties due to the
connection of the sensor to the plate are described.

A first study to develop feasible techniques to use FBG sensors to acquire
temperatures in welding procedures was carried out. In a first study FBG sensors
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were placed in four different locations, schematically represented in Figure 29
(two details presented in Figure 30). It was found that all lead to unsatisfactory
results, since the fibres became damaged in the cases 1 and 4, and the location
was found unsuitable in cases 2 and 3.
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Figure 29 - Locations where FBG sensors were placed in the first study (from left,
cases 1 to 4).

Figure 30 - Example of a fibre placed at 10mm arallel to the weld line and a fibre
placed as case 4 (Figure 29).

In a second study, placing the sensors in the weldment plate side, the minimum
distance to the welding line from which temperatures could be acquired was
evaluated. In these tests sensors were placed parallel to the weld line at distances
multiple of 5mm. Since MIG is an arc welding process involving an aggressively
high heat flux, unprotected and protected sensors, using three different
techniques, were tested. The protection techniques were: a cyanoacrylate glue,
stripes of aluminium foil covering each sensor, and silicon based compound. The
silicon based compound gave the best result. A result of a test using cyanoacrylate
glue and stripes of aluminium foil is presented in Figure 31.
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Figure 31 - Welding test using epoxy glue and aluminium sheet stripes to protect
the FBG sensors.

When covered with cyanoacrylate glue and aluminium stripes, sensors were able
to maintain integrity of measurement at a distance of 15mm in the perpendicular
direction to the weld line. Sensors placed near the weld line lost their measuring
capabilities. A damaged (broken) and an undamaged sensor protected with
aluminium stripes are shown in Figure 32. A damaged and an undamaged sensor
protected with cyanoacrylate glue are shown in Figure 33.

a) damaged sensor (15mm from welding line)  b) resistant sensor (15mm from welding line)
Figure 32 - Sensors protected with aluminium sheet stripes after welding.
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