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ABSTRACT

Friction stir welding (FSW) is a solid-state welding technology with increased potential
for joining dissimilar materials with strong differences in physical and mechanical
properties, as well as high chemical affinity, such as aluminium and copper (Al-Cu).
Nevertheless, although Al-Cu FSW has high scientific, technical and economic interest,
very scarce research had been conducted in this field until a few years ago, and so, most
of the core issues on Al-Cu friction stir weldability remained largely unexplored. This
way, current work, conducted from September 2009 to June 2014, in the Centro de
Engenharia Mecénica da Universidade de Coimbra, had the purpose of analysing the
friction stir weldability of aluminium to copper. Large number of Al-Cu butt and lap
welds, produced using a wide range of welding conditions and three distinct base
materials (AA 5083-H111 and AA 6082-T6 aluminium alloys and deoxidised high
phosphorous copper), were subjected to a broad spectrum of experimental analyses,
aiming their structural, morphological and mechanical characterisation.

The characterisation of the material flow mechanisms occurring during welding
evidenced that both the base materials mixing and the material deposition, at the rear of
the tool, are strongly influenced by the shoulder geometry and the relative positioning
of the base material plates, seriously impacting on the structure and morphology of the
welds. From the study of the intermetallic phases’ formation and distribution, it was
found that the formation of the intermetallic phases is governed by a
thermomechanically induced solid-state diffusion phenomenon occurring inside the
shoulder and pin-governed mixing volumes. The structural and morphological
characterisation of the welds revealed that the morphology and the intermetallic content
of the weld surface, which was concluded to be the key factor affecting the surface
finishing of the welds, are strongly dependent on the shoulder geometry, but insensitive
to the tool rotation and traverse speeds. On the other hand, the morphology and the
intermetallic content of the weld nugget were found to be strongly influenced by both
the shoulder geometry and the tool rotation and traverse speeds. Moreover, the study of

the spindle torque evolution in Al-Cu FSW revealed that this physical quantity is highly
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sensitive to the formation of intermetallic phases and to the volume of material dragged
by the tool at each revolution. However, the impact of each factor on the spindle torque
was found to depend on the relative positioning of the base material plates.

The analysis of the effect of the tool offset towards the aluminium alloy side on
the structural, morphological and mechanical properties of the welds evidenced that this
strategy significantly reduces base materials mixing, providing the production of welds
with lower intermetallic content, both at the surface and nugget. So, tool offset revealed
to be very suitable to achieve excellent surface finished Al-Cu welds. Nevertheless, it
was not found to be effective to improve Al-Cu friction stir weldability, since welds
with desirable strength were not achieved. A strong influence of the aluminium alloy
type on Al-Cu friction stir weldability was also observed in current work. Important
differences in the structural, morphological and mechanical properties of AA
5083/copper and AA 6082/copper friction stir welds, produced under similar conditions,
were noticed. The mechanical behaviour of the aluminium alloys, under the extreme
conditions of temperature and plastic deformation occurring during welding, was found
to have strong influence on the welding results. Additionally, an impressive hardness
increase was noticed in the nugget of the AA 5083/copper welds, which was inferred to

result from the formation of a nano-structured aluminium region in this zone.

Keywords: Friction stir weldability; Aluminium; Copper; Intermetallic phases.
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RESUMO

Friction stir welding (FSW) é uma tecnologia de soldadura no estado sélido com grande
potencial para realizar ligacdes heterogéneas entre materiais com propriedades fisicas e
mecanicas muito distintas e com elevada afinidade quimica, sendo exemplo a ligacdo de
aluminio a cobre (Al-Cu). Ndo obstante o elevado interesse cientifico, economico e
técnico da ligacdo Al-Cu por FSW, a investigacdo nesta area, até ha alguns anos, era
praticamente inexistente, pelo que a maioria das questdes relacionadas com a
soldabilidade de ambos os metais por esta técnica permanecia quase totalmente
inexplorada. Neste sentido, o presente trabalho, desenvolvido entre Setembro de 2009 e
Junho de 2014, no Centro de Engenharia Mecénica da Universidade de Coimbra, teve
como principal objectivo analisar a soldabilidade do aluminio ao cobre por FSW. Um
numero substancial de soldaduras Al-Cu, produzidas em juntas de topo e sobreposta,
usando uma larga gama de condic¢des de soldadura e trés materiais base distintos (ligas
de aluminio AA 5083-H111 e AA 6082-T6 e cobre desoxidado com elevado teor em
fosforo), foi submetido a um amplo espectro de andlises experimentais, por forma a
caracterizar as suas propriedades estruturais, morfoldgicas e mecanicas.

A caracterizacdo dos mecanismos de fluxo do material durante a soldadura
evidenciou que a mistura dos materiais base, assim como a deposicdo do material na
parte de tras da ferramenta, na sequéncia do seu movimento de translacdo, sdo
fortemente influenciados pela geometria da base da ferramenta e pelo posicionamento
relativo dos materiais base, tendo forte impacto na estrutura e morfologia das
soldaduras. Ao estudar-se a formacdo e distribuicdo das fases intermetalicas nas
soldaduras, inferiu-se que a sua formacédo € resultado de um fenémeno de difusdo no
estado solido, induzido térmica e mecanicamente, que ocorre nos volumes de mistura
gerados pela accdo da base e do pino da ferramenta. A caracterizacdo estrutural e
morfologica das soldaduras revelou ainda que tanto a morfologia como o contetdo
intermetalico das superficies de soldadura, factor com influéncia preponderante no seu
acabamento superficial, sdo fortemente dependentes da geometria da base da

ferramenta, mas independentes das suas velocidades de rotacdo e de avango. Por outro
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lado, a morfologia e o contetudo intermetalico do nugget mostraram ser dependentes
quer da geometria da ferramenta, quer das velocidades de rotagdo e de avango.
Adicionalmente, o estudo da evolucdo do binario imposto na ferramenta, durante o
processo de soldadura, revelou que esta grandeza fisica € sensivel a formacao de fases
intermetalicas, bem como ao volume de material arrastado pela ferramenta em cada
rotacdo. Todavia, verificou-se que o impacto de cada factor no binario registado durante
0 processo depende do posicionamento relativo dos materiais base.

Ao analisar-se o efeito do desvio da ferramenta, relativamente a linha de interface
dos materiais a ligar, para o lado da liga de aluminio, nas propriedades estruturais,
morfoldgicas e mecénicas das soldaduras, verificou-se que esta estratégia proporciona
uma reducdo significativa da mistura dos materiais base, levando a producdo de
soldaduras com menor conteddo intermetalico, tanto a superficie como no nugget.
Assim, concluiu-se que o desvio da ferramenta é uma estratégia de grande eficacia na
obtencdo de soldaduras Al-Cu com excelente acabamento superficial. Porém, ndo
apresenta qualquer mais-valia no que respeita @ melhoria da soldabilidade Al-Cu por
FSW, uma vez que origina soldaduras com resisténcia mecanica insuficiente. O estudo
permitiu ainda verificar que o tipo de liga de aluminio tem forte influéncia na
soldabilidade AI-Cu por FSW. Efectivamente, soldaduras AA 5083/cobre e AA
6082/cobre, produzidas sob as mesmas condicdes de soldadura, apresentaram
propriedades estruturais, morfolégicas e mecéanicas bastante distintas. Concluiu-se,
assim, que o comportamento mecanico das ligas de aluminio, sob as extremas condicdes
de temperatura e deformacdo pléstica experienciadas durante a operacdo de soldadura,
tem grande influéncia nos resultados finais obtidos. E ainda de realcar que um aumento
de dureza assinalavel foi observado no nugget das soldaduras AA 5083/cobre, sendo

resultado da formacdo de uma regido de aluminio nanoestruturada nesta zona.

Palavras-chave: Soldabilidade por FSW; Aluminio; Cobre; Fases intermetalicas.
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1-INTRODUCTION

Friction stir welding (FSW) was developed by The Welding Institute (TWI), at the
beginning of the 90’s, with the main aim of joining thick aluminium plates. Over the
years, as a consequence of its proven capabilities in aluminium welding, the field of
application of this process has widened expressively, comprising many other materials
and materials combinations, for a large range of thicknesses and varied joint geometries
(Nandan et al., 2008; Cam, 2011). Effectively, being a solid-state technology, FSW has
high potential to be used in similar welding of several materials hardly weldable by the
traditional fusion welding processes as well as in dissimilar joining of materials with
strong differences in physical/mechanical properties and high chemical affinity.
Specifically, dissimilar welding of these materials became a subject of intense research
at both the academic and industrial level (DebRoy and Bhadeshia, 2010).

The aluminium to copper (Al-Cu) dissimilar joining system, in particular, has
great interest to many industrial sectors, such as power generation, electronics and
transportation, where it is expected that enables to develop new engineering solutions
combining the improved mechanical, thermal and electrical properties of the copper
with the low specific weight and cost of the aluminium. In addition to its industrial
interest, the Al-Cu system has also important research interest. Actually, some of the
main concerns regarding the Al-Cu weldability in FSW are common to other dissimilar
materials systems, such as the Al-Ti (aluminium-titanium) and the Al-Fe (aluminium-
steel). In this way, research in Al-Cu FSW is expected to provide not only global
knowledge on dissimilar materials friction stir weldability, but also some general
guidelines for dissimilar materials FSW, helpful to the development of optimised
techniques for harder materials joining. In fact, since Al-Cu FSW does not require the
use, for research purposes, of the very expensive high-strength tool materials necessary
to weld harder materials systems, performing a wide range of experimentations,
encompassing a large range of tool geometries and/or joint configurations, for example,

becomes economically much more affordable.
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Despite the above mentioned scientific, technical and economic interest of Al-Cu
FSW, the investigation in this field remained almost unexplored until a few years ago.
In fact, prior to 2009, investigation on Al-Cu joining by FSW was restricted to a very
small number of published works, which essentially highlighted the extreme difficulty
in obtaining welds free of defects as well as the extensive formation of brittle
intermetallic phases during welding (Murr et al., 1998a, 1998b; Okamura and Aota,
2004; QOuyang et al., 2006; Abdollah-zadeh et al., 2008; Liu et al., 2008). Most of the
core issues on Al-Cu friction stir weldability remained only incipiently characterised. A
detailed and comprehensive investigation on the material flow mechanisms, the
phenomena governing the formation and distribution of intermetallic phases during Al-
Cu FSW, their relations with the welding parameters and their impact on the
morphological, structural and mechanical properties of the welds, was absolutely
required.

In this context, current investigation, conducted from September 2009 to June
2014, in the Centro de Engenharia Mecénica da Universidade de Coimbra (Coimbra,
Portugal), had the global objective of analysing the friction stir weldability of
aluminium to copper. In order to reach the research global aim, the following specific
objectives were defined: To characterise the material flow mechanisms occurring during
Al-Cu FSW, emphasising their relations with two particular welding variables, the
relative positioning of the base material plates and the shoulder geometry; To study the
influence of the rotation (o) and traverse (v) speeds on the formation and distribution of
intermetallic phases during Al-Cu FSW as well as their impact on the morphological
and structural properties of the welds; To study the influence of the shoulder geometry
on the formation and distribution of intermetallic phases during Al-Cu FSW as well as
their impact on the morphological and structural properties of the welds; To characterise
by torque-sensitivity analysis the thermomechanical conditions experienced inside the
stirring volume in Al-Cu FSW, emphasising their relations with the rotation and
traverse speeds, base materials properties and relative positioning of the dissimilar
plates; To analyse the influence of the tool offset on the morphological, structural and
mechanical properties of Al-Cu friction stir welds; To analyse the influence of the
aluminium alloy type on the morphological, structural and mechanical properties of Al-
Cu friction stir welds.

A deep experimental study of large number of Al-Cu friction stir butt and lap

welds, produced using a wide range of welding conditions, was conducted by
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performing a broad spectrum of experimental analyses and tests. The welds were carried
out at the Instituto Superior Técnico (Lisbon, Portugal) and the Centro Tecnoldgico
AIMEN (O Porrifio, Spain), using three distinct base materials - non-heat-treatable AA
5083-H111 and heat-treatable AA 6082-T6 aluminium alloys plates and deoxidised
high-phosphorous copper (copper-DHP) plates.

The research conducted in this work enabled the publication of six papers in high
impact Science Citation Index journals (Galvéo et al., 2010, 2011, 2012a, 2012b, 2012c,
2013). Each paper reports a particular stage of the overall investigation, addressing one
of the specific objectives of the global research. All the papers published under the
scope of current investigation are presented in Annexes I to VI. In order to include the
published versions of the papers in the work, licenses for papers print and electronic
reuse were provided by the publishers, copyright holders and journals.

The work is divided into three parts. A global overview on the research is
presented in the first part, entitled Investigation Overview. This section is aimed to
integrate all the stages of the investigation, individually presented in the published
papers, highlighting the coherence and the relevance of the research project as a whole.
The motivations, the most representative results and the main conclusions reached in the
different stages of the research are reported in this section. The second part illustrates
the Scientific Evidence on Aluminium-to-Copper Friction Stir Welding. This section,
where a global literature review was conducted, has the purpose of presenting the state-
of-the-art of Al-Cu joining by FSW, highlighting the original contribution of this study
to the current knowledge. The pioneer character of some findings reached in this work
was stressed by providing a chronological perspective of the evolution in Al-Cu FSW
research. Finally, the main conclusions drawn from the global research problem as well
as directions for future investigation on Al-Cu friction stir weldability are reported in

Investigation Outputs and Future Research.
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2 - INVESTIGATION OVERVIEW

In order to achieve the global aim of the work, partial research stages, with specific
objectives, were developed, which resulted in the publication of six papers in high
impact Science Citation Index journals, as displayed in Table 1. This section provides a
brief description of the investigations presented in the papers published under the scope
of current work, highlighting the relevance of the study as a whole. So, the motivations
on the basis of each research stage as well as its most relevant results and conclusions
are reported in six distinct items. The scientific background, the laboratorial procedures,
detailed interpretations of the experimental results and their discussion, in light of the
knowledge available in literature, when the researches were conducted, can be found in

the papers (Annexes | to VI).

Table 1 - Papers published, under the scope of current work, in Science Citation Index journals.

Authors Title Journal Year  Annex

Material flow in heterogeneous friction
Galvdo etal. stir welding of aluminium and copper thin ~ Sci. Technol. Weld. Joi. 2010 |
sheets.

Formation and distribution of brittle
structures in friction stir welding of

Galvéao et al. . : Sci. Technol. Weld. Joi. 2011 1
aluminium and copper: Influence of
process parameters.
Formation and distribution of brittle

Galvio et al. structures in friction stir welding of Intermetallics 2012a m

aluminium and copper: Influence of
shoulder geometry.

Study of the welding conditions during
Galvio et al. similar and d_|SS|m|Iar aluminium and Mater. Des. 2012b v
copper welding based on torque

sensitivity analysis.

Influence of tool offsetting on the
Galvdoetal. structure and morphology of dissimilar Metall. Mater. Trans. A 2012c \Y
aluminium to copper friction-stir welds.

Influence of aluminium alloy type on
Galvdo etal. dissimilar friction stir lap welding of J. Mater. Process. Technol. 2013 VI
aluminium to copper.
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2.1- MATERIAL FLOW IN HETEROGENEOUS FRICTION STIR WELDING OF
ALUMINIUM AND COPPER THIN SHEETS

Material flow is a core issue in FSW, determining the whole properties of the welds.
Although important research on material flow in FSW of aluminium and its alloys has
been conducted since the very initial stage of process’s development (Reynolds, 2000,
2008; Guerra et al., 2002; Krishnan, 2002; Schneider et al., 2006; Arbegast, 2008), the
flow mechanisms in FSW of dissimilar materials with strong differences in physical and
mechanical properties as well as high chemical affinity, such as aluminium and copper,
were totally unexplored when current work was launched. So, the first stage of the
investigation, reported in Galvao et al. (2010) (Annex I), was aimed to characterise the
material flow mechanisms during friction stir butt welding of 1 mm-thick plates of AA
5083-H111 to copper-DHP. The influence of two welding variables, i.e. the relative
positioning of the base material plates and the shoulder geometry, on the flow
mechanisms, and consequently, on the final structure and morphology of the welds, was
investigated. Some representative results as well as an overview of the main conclusions
reached in this study are displayed in Figure 1.

Two distinct shoulder designs, conducting to different material stirring and
dragging actions during welding (Leal et al., 2008), were used in this investigation. The
shoulder geometries were conventional conical and scrolled. The conjugated analysis of
horizontal and transverse cross-sections of the welds, as well as their surface finishing,
enabled to observe that, although the main flow principles were independent of the
shoulder geometry, the amount of material dragged by the tool and the periodicity of
material deposition at its trailing side were heavily influenced by the shoulder design,
which seriously impacted on the final structure and morphology of the welds. In fact,
whereas the dragging action of the scrolled tool was found to extend deep through the
thickness of the plates, encompassing the full tool perimeter, the dragging action of the
conical shoulder was restricted to the top of the sheets, at the back of the tool. As a
result of this, the scrolled tool enabled the incorporation of significantly larger amounts
of material, specially the retreating side material, into the shear layer surrounding the
pin, where both base metals were mixed by intense plastic deformation. Moreover, the
helical flutes of the shoulder forced the material flow downward around the pin,

promoting through-thickness material mixing and periodic material deposition at the
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rear of the tool. As illustrated in Figure 1a, improved surface finishing and
homogeneous intermetallic structures, distributed throughout the thickness of the
nugget, were noticed in the welds produced with this tool. Unlike to this, for the welds
produced with the conical tool, base materials mixing occurred exclusively in the upper
half of the plates’ thickness, as shown in Figure 1b. Effectively, in these welds, an
intermetallic-rich bulk was found to form around the tool, from which part adhered to
the tool, avoiding material mixing through the entire plates’ thickness, and the other part
was expelled after some revolutions over the surface of the joints. So, instead of the
improved surface finishing and homogeneous materials mixing throughout nugget’s
thickness, noticed for the joints produced with the scrolled tool, rough surfaces,
composed of irregularly distributed material, and intermetallic-rich structures located
exclusively at the upper part of the nugget were observed for the welds produced with
the conical shoulder (Figure 1b).

As referred above, beyond the study of the influence of the shoulder geometry on
material flow during welding, and consequently, on the final welding results, the
influence of the relative positioning of the base material plates was also investigated.
This analysis was restricted to the welds produced with the conical tool. The structure
and morphology of welds carried out with the aluminium and copper alloys sequentially
positioned at the advancing side of the joint were interpreted in light of the flow
mechanisms occurring during the process. As illustrated in Figures 1c and 1d,
substantial differences in the way both metals interact under the action of the welding
tool were identified between the welds produced with reverse plates’ positioning. In
fact, whereas strong Al-Cu interaction was found to occur during welding with the
copper plate positioned at the advancing side of the joint (Figure 1c), resulting in
extensive formation of intermetallic-rich structures in the welds, significant material
expulsion from the joint and incipient Al-Cu mixing occurred during welding with the
reverse positioning of the plates, promoting the formation of joints with very irregular
morphology, important thinning and massive aluminium flash (Figure 1d).

The analysis of the flow mechanisms imposed by the conical shoulder enabled to
conclude that base materials interaction was avoided in the welds produced with the
aluminium alloy at the advancing side. Actually, the harder copper, which was dragged
by the shoulder from the retreating to the advancing side of the joint, at the trailing side
of the tool, expulsed the softer aluminium from the shoulder influence zone. On the

other hand, for the welds produced with the reverse positioning of the plates, the very
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soft aluminium alloy, which was not able to expel the copper from the under shoulder
area, remained constrained inside the conical shaped cavity of the shoulder, flowing
downward in the vicinity of the pin and being mixed with copper under the rotating
action of the tool. It should be noted that, although strong Al-Cu interaction occurring
during welding with copper at the advancing side resulted in welds with rough surface
finishing and extensive intermetallic-rich structures in the nugget, much less proper
welding conditions were achieved by reversing the positioning of the base material

plates (Figures 1c and 1d).
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2.2 - FORMATION AND DISTRIBUTION OF BRITTLE STRUCTURES IN
FRICTION STIR WELDING OF ALUMINIUM AND COPPER:
INFLUENCE OF PROCESS PARAMETERS

Excluding the welds produced with the aluminium alloy positioned at the advancing
side of the tool, strong base materials mixing was noticed for all the remaining
conditions studied in Galvao et al. (2010), which resulted in extensive formation of
intermetallic phases in the welds. The following stages of the investigation, which are
reported in Galvéo et al. (2011) (Annex II) and Galvao et al. (2012a) (Annex IlI), were
aimed to study the formation and distribution of intermetallic phases during Al-Cu
FSW, as well as their repercussions on the structural and morphological properties of
the welds. Current item is devoted to the research presented in Galvdo et al. (2011),
which was restricted to 1 mm-thick AA 5083-H111/copper-DHP butt welding with the
conventional conical tool. The influence of the tool rotation and traverse speeds on the
intermetallic content of the welds was particularly emphasised in this research. Some of
its representative results as well as an overview of its main conclusions are displayed in
Figure 2.

Welds produced under three distinct welding conditions, which were achieved by
varying the rotation and traverse speeds of the tool, were studied. From the analysis of
the welding results, which were interpreted in light of the rotation to traverse speed ratio
(w/v), a parameter extensively used in literature to infer the heat-input conditions during
FSW (Seidel and Reynolds, 2001; Peel et al., 2006; Nandan et al., 2008), it was
observed that, independently of the welding conditions, a rough layer of irregularly
distributed material composed the surface of all welds. In fact, as displayed in Figure
2a, areas with significant accumulation of material and zones with severe material
absence were identified all over the surface of the welds. The strong intermetallic
content of the top layers, which, as illustrated in Figure 2b, were composed of a matrix
very rich in Al and CuAl,, with few fine Cu and CugAl, particles scattered over it, was
found to be the main factor promoting welds poor surface finishing.

Similar to the analysis conducted in the weld surface, a detailed study of the
nugget was carried out. However, unlike to that observed for the top layers, significant
differences were noticed in nugget morphology and intermetallic content by varying the

rotation and traverse speeds, as shown in Figures 2c and 2d. Although Al-Cu
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intermetallic features were formed in the nugget under all welding conditions, base
materials interaction patterns with larger dimension, higher intermetallic content and
increased homogeneity, both in morphology and phase content, were found to be
formed for increasing values of w/v ratio, i.e. under increased heat-input and stronger
mixing. In fact, whereas the formation of intermetallic features was restricted to the
base materials interface in the welds produced under lower w/v, larger and intermetallic-
richer mixing structures, consisting of Al, Cu, CuAl, and CugAl,, were formed by
increasing the /v ratio (Figure 2c¢). In turn, these patterns were found to evolve to
intermetallic structures exclusively composed of CugAls and Cu(Al) solid-solution by
further increasing the heat-input and material mixing (Figure 2d).

In order to understand the different intermetallic content of the weld surface and
nugget, as well as their distinct evolutions with the rotation and traverse speeds, the
phenomenon governing intermetallic phases’ formation and its relation with the
material flow mechanisms imposed by the tool were studied. As the formation
temperature of the CugAl, intermetallic phase by solidification is much higher than the
temperatures usually noticed in Al-Cu FSW (ASM International, 1992; Ouyang et al.,
2006; Savolainen et al, 2006) and no solidified structures were identified over both the
CugAls and CuAl,-rich layers of the welds, a thermomechanically induced solid-state
diffusion phenomenon, promoting the formation of CuAl, and CuyAl, (and Cu(Al)
solid-solution) in aluminium-richer and copper-richer mixing volumes, respectively,
was pointed to be the mechanism governing Al-Cu phases generation during welding.
The extensive formation of both intermetallic phases at the fairly low temperatures
usually reached during FSW was explained by enhanced interatomic diffusion under
extremely intense plastic deformation. Specifically, a close relation between the
amounts of CugAl, intermetallic phase and Cu(Al) solid-solution was found to exist
(fitting analysis of the X-ray diffraction patterns), which further supported the formation
of this phase by mechanical integration of aluminium in copper.

In Al-Cu FSW with conical tools, the flow mechanisms imposed by the shoulder
at the surface of the welds, which, as discussed in Galvédo et al. (2010), consist of
dragging large amounts of aluminium from the retreating to the advancing side of the
joint, provide the formation of an aluminium-rich mixing volume inside the conical
shaped cavity of the tool, independently of the welding conditions. As referred above,
the solid-state diffusion phenomenon, activated by the coupled action of temperature

and plastic deformation, promote extensive formation of CuAl, layers in this region,

lvan Garcia de Galvao 29



Analysis of Friction Stir Weldability of Aluminium to Copper

which are irregularly distributed at the trailing side of the tool during welding, giving
rise to the poor surface finishing noticed for all the welds.

As opposed to that occurring at the surface of the welds, in the shear layer
surrounding the pin, significant amounts of copper dragged by the pin from the
advancing side are mixed with some aluminium or aluminium-rich material, which is
forced to flow downwards from the conical cavity into this layer. This mechanism,
which is also discussed in detail in Galvao et al. (2010), promotes the formation of a
copper-rich mixing volume, where proper conditions for CugAls (and Cu(Al) solid-
solution) formation exist. Actually, beyond the copper-rich content of the shear layer,
the increased temperature and plastic deformation reached in this zone also favour the
formation of CugAl4, whose nucleation is less favourable from a thermodynamic-kinetic
viewpoint than CuAl, (Guo et al., 2011). The occurrence of chemical and
thermomechanical conditions favouring the formation of CugAl, at the shear layer
around the pin explains the larger amounts of this phase being detected in the nugget
than in the surface of the welds. Moreover, for increasing values of w/v, increasing
amounts of copper as well as aluminium and aluminium-rich material are incorporated
into the copper-rich mixing volume of the shear layer, where, as a result of the higher
heat-input conditions and increased plastic deformation, larger amounts of CugAl, are
formed. In fact, the stronger the mixing around the pin the larger is the formation of
copper-rich phases through the consumption of copper, aluminium and aluminium-rich

phases.
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2.3- FORMATION AND DISTRIBUTION OF BRITTLE STRUCTURES IN
FRICTION STIR WELDING OF ALUMINIUM AND COPPER: INFLUENCE
OF SHOULDER GEOMETRY

A strong influence of the material flow mechanisms on the formation and distribution of
intermetallic phases during Al-Cu FSW was noticed in Galvéo et al. (2011). As referred
before, the analysis conducted in this study was restricted to welds produced with a
single tool geometry, i.e. the conical-shouldered tool. However, according to that
concluded in Galvéo et al. (2010), significant differences in material flow mechanisms
are promoted by varying the shoulder design, pointing to important dissimilarities in the
intermetallic content of the welds as well. So, a research aimed to study the influence of
the shoulder geometry on intermetallic phases’ formation and distribution during Al-Cu
FSW is presented in Galvdo et al. (2012a) (Annex IIl). The intermetallic content of 1
mm-thick AA 5083-H111/copper-DHP friction stir butt welds produced with the well-
characterised conical and the scrolled shoulder tools, as well as its impact on welds’
structural and morphological properties, were analysed. An overview of the most
representative results and conclusions reached in this research are displayed in Figure
3.

Significant differences in the structure and morphology of weld surface and
nugget were found by comparing the joints produced with different tool designs, as
shown in Figure 3. Regarding the weld surface finishing, whereas, in good agreement
with that discussed in Galvao et al. (2011), irregularly distributed CuAl,-rich layers
were found to compose the surface of the welds carried out with the conical-shaped tool
(Figure 3a), improved surfaces with incipient intermetallic content were noticed for the
welds produced with the scrolled shoulder (Figure 3b). On the other hand,
intermetallic-rich structures were identified in the nugget of both kinds of welds. Even
so, Al-Cu mixing patterns with higher intermetallic content and increased homogeneity,
both in morphology and phase content, were found to compose the nugget of welds
produced with the scrolled shoulder tool. In fact, whereas Al-Cu patterns composed of
overlapping lamellae of both base materials and CuAl, and CugAl, intermetallic phases
were identified in the nugget of the welds obtained by using the conical shoulder
(Figure 3c), morphologically homogeneous tongue-shaped interaction features,

consisting almost exclusively of CuAl,, were formed in the nugget of the welds
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produced with the scrolled tool (Figure 3d). It should be stressed that the higher
intermetallic content of the tongue-shaped features resulted in important brittleness in
these structures, which displayed long cracks running over them (Figure 3d).

The structural and morphological dissimilarities between the welds produced with
the different tools were interpreted in light of the intermetallic phases’ formation
mechanisms, identified in Galvéo et al. (2011), and the material flow mechanisms,
identified in Galvdo et al. (2010). As discussed before, the ability of the scrolled
shoulder to drag the retreating side material, i.e. the aluminium alloy, into the shear
layer surrounding the pin is much higher than that of the conical shoulder. Moreover,
since the incorporation of the advancing side material into the shear layer is promoted
almost exclusively by the pin, being restricted to a small volume surrounding it, the
amount of copper dragged into that region by the conical and scrolled tools, whose pins
had similar diameter and shape, is not significantly different. This way, whereas, for the
conical tool, a copper-richer mixing volume is formed inside the shear layer
surrounding the pin, for the scrolled tool, an aluminium-richer mixing volume is formed
in the same zone. In addition, it was well-established by Leal et al. (2008) that the
plastic deformation imposed by the scrolled tool in the material to be welded is much
more intense than that imposed by the other tool. As a result of this, the
thermomechanically induced solid-state diffusion phenomenon governing intermetallic
phases’ generation during FSW gives rise to the formation a homogeneous CuAl,-rich
intermetallic mixture inside the scrolled tool’s shear layer and to a heterogeneous
mixture, consisting of Al, Cu, CuAl, and CugAl, intercalated lamellae, inside the shear
layer of the conical tool. It is important to stress that the CuAl, intermetallic phase
generated in the conical tool’s shear layer was formed in some localised aluminium-
richer zones of a mixing volume which was globally richer in copper. For both tools, the
deposition of the shear layer material in the wake of the tool during its travel motion
provides the formation of the nugget Al-Cu patterns discussed above (Figures 3c and
3d).

Regarding the surface of the welds, the lower intermetallic content noticed over
the top layer of the joints produced with the scrolled shoulder, which provided
improved surface finishing, also resulted from the stronger dragging ability of this tool.
The helical flutes of the shoulder exerted an intense dragging action over the surface of
the plates, pushing all the surface material into the shear layer surrounding the pin,

preventing under-shoulder material accumulation, and consequently, the deposition of
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intermetallic-rich mixtures at the top layer. On the other hand, as discussed in Galvéo et
al. (2011), the large amounts of CuAl, identified at the top layer of the welds produced
with the conical tool resulted from the irregular deposition of the aluminium-rich

mixture formed inside the conical-shaped cavity of this shoulder.
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24 - STUDY OF THE WELDING CONDITIONS DURING SIMILAR AND
DISSIMILAR ALUMINIUM AND COPPER WELDING BASED ON
TORQUE SENSITIVITY ANALYSIS

The material flow mechanisms, the intermetallic phases’ formation and distribution and
their consequences on the structure and morphology of the welds were addressed in
Galvéo et al. (2010, 2011, 2012a). The influence of the base materials positioning,
shoulder design and tool rotation and traverse speeds on these phenomena was deeply
explored. However, the analysis was restricted to the interpretation of welds micro and
macrostructure, not providing a physical understanding on the thermomechanical
conditions experienced inside the Al-Cu welding volume. So, as the torque registered
during welding is a physical quantity highly sensitive to the thermomechanical
conditions inside the stirred volume, a torque sensitivity analysis was conducted in
similar and dissimilar FSW of 1 mm-thick plates of AA 5083-H111 aluminium alloy
and copper-DHP. In this research, which is presented in Galvao et al. (2012b) (Annex
IV), the sensitivity of the spindle torque to the rotation and traverse speeds, base
material properties and relative positioning of the dissimilar plates was interpreted in
light of the material flow mechanisms, the metallurgical and thermomechanical
phenomena occurring during welding and the final structure and morphology of the
welds.

The spindle torque study was conducted by evaluating both the average values
and the instantaneous evolution of this physical quantity during welding. More
precisely, the effect of the rotation and traverse speeds on the torque registered during
welding was studied by analysing the average torque variation for six distinct welding
conditions, characterised by different combinations of rotation and traverse speeds. The
influence of the materials to be welded and the plates positioning (exclusively in
dissimilar welding) was investigated by comparing, for each condition, both the average
torque and the instantaneous torque evolution in Al-Al, Cu-Cu and Al-Cu (both plates
positioning) FSW. Some representative results of this study as well as an overview of
the main conclusions are displayed in Figure 4.

Concerning the influence of the rotation and traverse speeds on the spindle torque,
it was observed that, independently of the materials to be welded or the relative

positioning of the plates, the sensitivity of the average torque to the variation of these
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parameters was the same. Actually, whereas an important decrease in torque value was
registered for increasing rotation speed (Figure 4a), no significant variations in average
torque were observed by varying the traverse speed. As it is well-established in
literature (Peel et al., 2006; Arora et al., 2009), the increased temperature achieved
during the process by increasing the rotation speed was found to promote additional
material softening, which reduced the material flow stresses, and consequently, the
torque registered during welding. On the other hand, as the traverse speed has much
lesser influence on the temperature reached under the tool than the rotation speed (Peel
et al., 2006; Arora et al., 2009), slighter changes in average torque value were noticed
by varying this parameter.

Beyond the rotation speed, the combination of materials to be welded was also
found to have a strong influence on the average torque evolution. As shown in Figure
4a, it was observed that, independently of the testing conditions, the spindle torque
registered in Al-Cu welding was lower than that registered in similar joining of each
base metal. As reported in Galvao et al. (2010, 2011, 2012a), strong base materials
interaction occurs during Al-Cu FSW when the copper plate is positioned at the
advancing side of the joint, which promotes the formation of CugAls-rich and CuAl,-
rich mixtures in the pin and shoulder-governed mixing volumes. Because the CuAl,
intermetallic phase has a melting temperature close to the peak temperatures registered
by some authors in Al-Cu FSW (Ouyang et al., 2006), it can be assumed that
fluidisation (not melting) of some intermetallic-rich layers occurs, inducing tool
slippage during welding, which results in a significant decrease in the average torque.
On the other hand, as discussed in Galvédo et al. (2010), no intermetallic phases’
formation occurs in dissimilar Al-Cu welding with the reverse positioning of the plates,
since the expulsion of large amounts of aluminium from the under shoulder area avoids
base materials mixing. The large amounts of aluminium expelled from the joint gave
rise to an important decrease in the volume of material being stirred by the tool, at each
revolution, reducing the spindle torque.

As illustrated in Figure 4b, the instantaneous torque evolution was found to be
strongly dependent on both the couple of materials to be welded and the relative
positioning of the dissimilar plates. In fact, whereas no important torque variations,
along the welding length, were registered for both similar welding and dissimilar
joining with the aluminium plate positioned at the advancing side, strong fluctuations in

torque values, with important peaks and drops, were registered during dissimilar

lvan Garcia de Galvao 37



Analysis of Friction Stir Weldability of Aluminium to Copper

welding with the reverse positioning of the plates. Specifically, the torque drops in these
welds were observed to correspond to zones where large amounts of material were
accumulated on the weld surface (surface macrograph in Figure 4b). As discussed in
Galvdo et al. (2010), under these welding conditions, significant amounts of
intermetallic-rich mixtures formed during welding adhere to the tool, being non-
periodically expelled after some revolutions. As a result of this, an intercalation of
torque peaks, when material accumulation occurs under the tool, with significant torque
drops, which correspond to intermetallic material expulsion, explains the very irregular
torque evolution in dissimilar Al-Cu FSW with the copper plate located at the
advancing side.
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2.5- INFLUENCE OF TOOL OFFSETTING ON THE STRUCTURE AND
MORPHOLOGY OF DISSIMILAR ALUMINIUM TO COPPER FRICTION-
STIR WELDS

In the previous stages of the work, presented in Galvdo et al. (2010, 2011, 2012a,
2012b), the extensive formation of intermetallic phases during Al-Cu FSW was found to
have a very detrimental effect on the welding conditions, affecting severely the
structural and morphological properties of the welds. Some authors, such as Okamura
and Aota (2004), Genevois et al. (2011) and Xue et al. (2011a), pointed tool offset, from
the base materials interface towards the aluminium alloy, to be an effective solution to
inhibit this phenomenon. However, the effectiveness of this strategy to achieve non-
defective Al-Cu welds, with suitable surface finishing and good mechanical properties,
was far from being totally supported or even consensual (Okamura and Aota, 2004;
Genevois et al., 2011; Liu et al., 2011; Xue et al., 2011a; Avettand-Fenoél et al., 2012).
So, a research aimed to analyse the influence of tool offset on the morphological,
structural and mechanical properties of the Al-Cu friction stir welds was conducted,
which is presented in Galvéo et al. (2012c) (Annex V).

As opposed to the former stages of the investigation, different plate’s thickness as
well as aluminium alloy were used in this research, i.e. 3 mm-thick plates of AA 6082-
T6 were friction stir butt welded to copper-DHP. Regarding plate’s thickness, as a
larger diametered-pin was required to weld the 3 mm than 1 mme-thick plates, larger
range of offset values with physical representativeness was possible to be tested. In turn,
concerning the aluminium alloy type, the AA 6082 alloy was used owing to its
improved flowability during welding (Leitdo et al., 2012). Actually, since the tool
operated mostly at the aluminium side under tool offset conditions, dragging this
material towards the copper plate surface, using an aluminium alloy with high
flowability was essential. The most representative results and conclusions reached in
this study are summarised in Figure 5.

Welds produced under five distinct welding conditions, achieved by varying the
tool offset towards the aluminium alloy, were studied. As shown in Figures 5a to 5c,
the structural and morphological properties of the weld surface and nugget were found
to vary significantly according to the offset values, which ranged from 0 to 2.5 mm, i.e.

between no offset and full offset (pin performing tangent to copper plate surface)
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conditions, respectively. Regarding the weld surface properties, improved surface
finishing was achieved for increasing values of tool offset. In good agreement with that
concluded in Galvao et al. (2011, 2012a), the top layer of the welds produced with
no/small offset was found to be composed of extensive amounts of Al-Cu intermetallic
phases, which were formed in the conical shoulder cavity’s mixing volume and
irregularly distributed over the weld surface during tool motion (Figures 5a and 5b).
On the other hand, no intermetallic structures or even significant amounts of copper
were identified over the improved surfaces of the welds carried out with high tool offset
values (Figure 5c). So, it was concluded that shifting the tool from base materials
interface reduced significantly intermetallic phases’ formation inside the shoulder-
governed volume, which strongly impacted on the surface finishing of the dissimilar
welds.

Similar to that reported for the weld surface, increasing values of tool offset were
found to reduce strongly the amount of copper dragged from the advancing to the
retreating side of the nugget, and consequently, the intermetallic content of this zone.
Actually, the incorporation of copper into the shear layer, which, as discussed in Galvéo
et al. (2010), is promoted almost exclusively by the pin, decreased significantly by
shifting the tool towards the aluminium alloy. So, as illustrated in Figures 5a to 5c,
whereas a large volume of copper was found to be dragged to the retreating side of the
welds produced without any offset (Figure 5a), a couple of large copper fragments
(Figure 5b) and very small copper particles (Figure 5c) were dragged to the aluminium
side of the nugget in welds carried out with small and large values of tool offset,
respectively. Moreover, a large intermetallic-rich structure, consisting of layers of
aluminium and copper alternated with CuAl, and CugAl, lamellae, was found to be
present in the nugget of the weld produced with no offset, as opposed to that observed
for the welds carried out with increasing values of offset, in which very small amounts
of intermetallic material were identified. Specifically, under full offset conditions, a
composite-like structure, consisting of very small sized copper particles and residual
intermetallic phases homogeneously scattered in the aluminium matrix, was observed
all over the nugget of the welds.

Although tool offset was found to be an effective strategy to produce welds with
improved surfaces and lower intermetallic content, no significant improvements were
achieved in the mechanical strength of the joints by using this strategy. Effectively, all

welds failed for very low angles during root bending testing. Even so, fracture surface
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analysis revealed important differences in Al-Cu bonding structure according to the
offset value, as shown in Figures 5d to 5f. For the welds produced with no offset,
strong morphological heterogeneity was observed over the fracture surface. In fact,
beyond aluminium and copper regions, in which ductile fracture-indicative features
were observed, a smooth region with featureless morphology, consisting of aluminium-
rich mixed material, was also noticed (Figure 5d). Considering the intermetallic-rich
content of the nugget of this weld, significant amounts of aluminium-rich intermetallic
phases, such as CuAl,, are expected to compose the featureless structure. The melting
temperature of these phases, which, as referred in Galvdo et al. (2011, 2012b), are close
to the maximum temperatures registered by Ouyang et al. (2006) in Al-Cu FSW, point
to the fluidisation (no melting) of some intermetallic layers being formed during
welding. So, the strong differences in physical and mechanical properties between the
intermetallic layers and both base materials gave rise to metallurgical discontinuities
corresponding to the featureless surface, in which failure was initiated. It should be
noted that no brittle cleavage failure was found to occur over the intermetallic-rich
layers of the welds.

For the welds produced with small offset values, failure was found to occur along
the interface between the aluminium matrix and the large copper fragments (Figure 5e),
which, as referred above, were dragged from the advancing to the retreating side of the
welds. Effectively, in the welds produced under these conditions, severe discontinuities
were noticed at the interface between the large copper fragments and the aluminium
matrix of the nugget. The dimension of the copper clusters, their sharp geometry and the
significant differences in aluminium and copper mechanical properties hampered proper
interaction of both metals. On the other hand, for high offset values, fracture was found
to occur at the base materials interface, where a very smooth fracture surface, indicating
absence of material joining, was observed (Figure 5f). The high offset values used to
produce these welds promoted the formation of severe discontinuities in this region.
Actually, although some localised interfacial zones presenting metallurgical continuity
were identified, in which very small copper strips intercalated with aluminium-rich
structures and submicron-sized intermetallic lamellae were noticed, most of the
interface was found to be composed of zones with sharp Al/Cu transitions. Thermally
activated interdiffusion, providing metallurgical and mechanical bonding, was not found

to occur in most of the Al/Cu interfacial area.
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2.6 - INFLUENCE OF ALUMINIUM ALLOY TYPE ON DISSIMILAR FRICTION
STIR LAP WELDING OF ALUMINIUM TO COPPER

Two distinct aluminium alloys were friction stir butt welded to copper in the previous
stages of this investigation, the non-heat-treatable AA 5083-H111 alloy (Galvéo et al.,
2010, 2011, 2012a, 2012b), and the heat-treatable AA 6082-T6 alloy (Galvao et al.,
2012c). The friction stir weldability of these alloys is significantly different, as a result
of their distinct mechanical behaviour under the extreme conditions of temperature and
plastic deformation experienced during FSW (Leitéo et al., 2012). However, the effect
of the aluminium alloy on Al-Cu friction stir weldability had never been addressed. This
way, a research aimed to analyse the influence of the aluminium alloy type on the
morphological, structural and mechanical properties of dissimilar friction stir welds of 1
mm-thick copper-DHP plates to 6 mm-thick plates of the AA 5083-H111 and AA 6082-
T6 aluminium alloys was conducted. As opposed to the previous researches, this study,
which is presented in Galvao et al. (2013) (Annex VI), was focused on Al-Cu lap
joining, because of its increased interest in several practical applications. Particularly,
lap joining of thin copper plates to thicker aluminium alloys (copper at the top of the
joint), to which current research was devoted, has high technical and economic interest
by enabling, for example, copper cladding over small areas. Some representative results
as well as an overview of the main conclusions reached in this research are displayed in
Figure 6.

As shown in Figures 6a and 6b, the morphological properties of the weld surface
were found to vary considerably according to the couple of materials being welded,
although similar parameters were used to produce both types of welds. In fact, whereas
a very smooth surface finishing was observed for the AA 5083/copper welds (Figure
6a), defects usually related to excessive heat-input during welding, such as significant
tool submerging and formation of massive flash, were identified at the surface of the
AA 6082/copper welds (Figure 6b). In good agreement with this, substantial
differences were also noticed in the nugget of the welds, especially in which regards to
the structure and morphology of the bonding area, as illustrated in Figures 6¢ and 6d.
For the AA 5083/copper welds, evidence of material stirring by the shoulder was
exclusively noticed in a very small area in the vicinity of the top copper plates’ surface.

As a result of this, incipient Al-Cu interaction, which was confined to the pin influence
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zone, took place during welding, promoting the arising of a severe discontinuity across
almost the entire Al/Cu interface (Figure 6c¢). Actually, the totally inefficient base
materials mixing occurring during the process prevented the effective joining of the
plates. On the other hand, a significantly larger Al-Cu interaction volume, which was
found to extend beyond the pin influence zone, was registered in AA 6082/copper FSW.
The shoulder, whose influence encompassed the entire thickness of the top plates,
dragged larger amounts of copper, promoting strong base materials interaction during
welding. This way, mixing structures consisting of aluminium and copper intercalated
with intermetallic-rich lamellae (especially CugAls) were observed all over the nugget
of these joints (Figure 6d). However, despite the stronger interaction of both base
metals, some localised discontinuities were also noticed over the nugget mixing
structures, which resulted from the non-uniform materials mixing and the strong
brittleness of the Al-Cu intermetallic phases formed during welding. This way, it was
concluded that stronger base materials mixing in Al-Cu FSW does not necessarily mean
sound joining.

A strong influence of the aluminium alloy on the welding results was noticed.
Since the AA 6082 aluminium alloy experiences strong softening with plastic
deformation at increasing temperatures, as opposed to the AA 5083 alloy, which
presents steady flow stress behaviour at high temperatures (Leitdo et al., 2012), it was
concluded that the higher thermal softening experienced by the heat-treatable alloy led
to further tool submerging in AA 6082/copper FSW. As a result of this, strong
deepening and massive flash formation were noticed at the surface of the AA
6082/copper welds. The higher tool submerging also resulted in increased amounts of
copper and aluminium being dragged by the shoulder and the pin, respectively, into the
shear layer, at each tool revolution, where the strong pin-governed base materials
mixing promoted the formation of the intermetallic-rich structures observed in the
nugget of these welds. As opposed to this, the significantly smaller volume of copper
dragged by the shoulder in AA 5083/copper FSW, as well as the less efficient material
dragging promoted by the pin over the AA 5083 alloy, prevented strong base materials
interaction in the shear layer, giving rise to the formation of a discontinuous Al/Cu
interface.

The mechanical properties of the welds were investigated by hardness analysis.
Extremely high hardness peaks were noticed in the nugget of both the AA 6082/copper
and the AA 5083/copper friction stir welds. Regarding the AA 6082/copper welds,
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hardness values reaching 400 HV,, were registered in the Al-Cu mixing patterns, which
IS in good agreement with the intermetallic-rich content of these structures. In fact, the
extensive amounts of the CugAl, intermetallic phase (and some CuAly) identified all
over the nugget promoted the very high hardness values reached in these welds. In turn,
a substantially smaller hardness peak, i.e. approximately 200 HV,,, was registered in
the nugget of the AA 5083/copper welds. However, as opposed to that noticed in the
AA 6082/copper welds, the hardness peak was not registered in intermetallic-rich
structures, which were not formed in these welds because of the incipient materials
mixing occurring during the process. Instead of it, the hardness values were surprisingly
measured in a very narrow layer exclusively composed of aluminium, in the vicinity of
the AIl/Cu discontinuous interface (Figure 6c). This finding motivated a deep
microstructural study of the nugget, from which it was concluded that very small grains,
with some tenths of nanometres, composed the very narrow aluminium layer, which
promoted the impressive hardness increase in this region by grain boundary
strengthening.

The ultra-refined microstructure of the narrow AA 5083 aluminium layer was
indicative of a very small growth of the recrystallized grains, resulting from low heat-
input during welding. The cause promoting this phenomenon was pointed to be the very
small dimension of the FSW tool, which avoided a substantial amount of heat to be
generated and added during the welding process. It was concluded that the very small
tool used in this work, although did not allow a suitable material flow during welding to
be achieved, which resulted in the formation of important defects at the Al/Cu interface,
promoted an impressive hardness increase in the aluminium alloy due to the formation

of an ultra-refined microstructure.
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3- SCIENTIFIC EVIDENCE ON ALUMINIUM-TO-COPPER FRICTION
STIR WELDING

A large boom in dissimilar materials joining by FSW has been recently witnessed by
scientific community. The number of published works on FSW of materials with very
different physical and mechanical properties as well as high chemical affinity, such as
aluminium and copper, has increased exponentially. This section has the purpose of
presenting the state-of-the-art of Al-Cu FSW, highlighting the original and pioneer
contribution of this study to the current knowledge. The scientific evidence on the
macro and microstructure, defects, hardness and mechanical strength/ductility of the Al-
Cu welds is reported in current section. The knowledge on the welding conditions’
physical indicators and the aluminium-copper phases’ formation phenomenon is also
addressed. A brief synthesis highlighting the most prominent remarks is presented at the

end of each item.

3.1 - WELD MACROSTRUCTURE

The macrostructure of the friction stir welds is closely related to the welding parameters
and has strong influence on weld strength. Current knowledge on the influence of the
tool rotation and traverse speeds, base materials positioning and properties, tool offset

and tool geometry on Al-Cu welds macrostructure is resumed in this section.

3.1.1 - Tool rotation and traverse speeds

A small number of works was devoted to the study of the influence of the tool rotation
and traverse speeds on Al-Cu FSW conditions. However, among the works already
conducted in this field, two different approaches were adopted to study this aspect. In

fact, whereas some authors varied a single parameter and kept the other constant, some
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other authors varied both parameters simultaneously and discussed their results
according to predefined rotation to traverse speeds ratios. The operational details and
the main conclusions reached in these investigations are provided in Tables 2 and 3,
where studies analysing the influence of tool rotation and traverse speeds on welds
structure, respectively, are summarised, and in Table 4, where works adopting the
parameters ratio to characterise the varying welding parameters are resumed.

From Table 2, in which two butt and one lap joining-focused investigations are
displayed, it can be inferred that consensus was reached, for both joint configurations,
on the effect of the rotation speed on the internal structure of the welds. In fact, all the
works, i.e. Xue et al. (2011a) and Liu et al. (2011), both in Al-Cu butt welding, and
Abdollah-zadeh et al. (2008), in lap welding, noticed increased base materials
interaction for increasing values of tool rotation speed, which resulted in welds with less
defective internal structures and increased formation of brittle intermetallic phases.
Contrary to that, no consensus was reached regarding the influence of the rotation speed
on the surface finishing of the butt welds. In fact, whereas significant worsening of weld
surface was noticed by Xue et al. (2011a) for increasing values of tool rotation speed,
improved surface finishing was reported by Liu et al. (2011) in welds produced with
high tool rotation. Moreover, contrary to the previous study, an irregular evolution of
the surface appearance with varying tool rotation speed was noticed by Liu et al. (2011).
It should also be noted that, although some improvements on weld surface finishing
were noticed in both works by varying the rotation speed, excellent surfaces, displaying
smooth and regular appearance were not noticed in any of these studies. Surface
finishing was not addressed by Abdollah-zadeh et al. (2008) in Al-Cu lap welding.
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Table 2 - Studies addressing the effect of the rotation speed on Al-Cu weld macrostructure.

Base Materials i i
Study _ éo'“ft Rotation Key Highlights
Thickn. Alloys ont. (rpm)
Improved surfaces for lower rotation
speed;
AA 1060 i i
Xue et al. (2011a) 5 mm Butt 400 - 1000 Soun_der lnterr.1al structures for higher
Pure copper rotation speed;
Increased formation of intermetallic
phases for higher rotation speed.
Irregular evolution of surface quality
with the rotation speed,;
AA 5052-0 i i
Liu et al. (2011) 3 mm Butt 400 - 1000 Sounder mterpal structures for higher
Pure copper rotation speed;
Increased formation of intermetallic
phases for higher rotation speed.
Incipient interaction for lower rotation
- 4 mm AA 1060 :
Albdollah zadeh et Lap 750 - 1500 speed; _ _ _
al. (2008) 3mm  Pure copper Increased formation of intermetallic

phases for higher rotation speed.

As illustrated in Table 3, the effect of the traverse speed on the final structure and
morphology of the Al-Cu welds was only addressed in two lap and one butt welding-
focused studies. Abdollah-zadeh et al. (2008), in lap joining, noticed that decreasing the
traverse speed, at constant rotation, promoted a similar effect on weld structure to
increasing the rotation, at constant traverse speed, i.e. the increase of base materials
interaction. In turn, Saeid et al. (2010), also in Al-Cu lap welding, pointed intermediate
traverse speed values to provide the most suitable welding conditions by avoiding
structural concerns resulting from both very low and very high base materials
interaction. More recently, Tan et al. (2013), in butt joining, noticed more proper
welding conditions by decreasing the traverse speed. Additionally, the decrease of the
traverse speed was also reported to improve the surface finishing of the joints. Even so,
excellent surface finishing, like that usually noticed in Al-Al or Cu-Cu similar FSW,

was not achieved in this study.
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Table 3 - Studies addressing the effect of the traverse speed on Al-Cu weld macrostructure.

Base Materials Joint  Trv. Speed

Stud - Key Highlights
y Thickn. Alloys Conf.  (mm/min) y Fighlig
Incipient interaction  for  higher
Abdollah-zadeh et 4 mm AA 1060 La 30- 375 traverse speed;
al. (2008) 3mm  Pure copper P Increased formation of intermetallic
phases for lower traverse speed.
. 4 mm AA 1060 Intermediate traverse speed provides
Saeid et al. (2010) 3 mm Pure copper Lap 30-375 more proper welding conditions.
Better surfaces for lower traverse
5A02 alum. .
Tanetal. (2013) 3 mm Butt  20-40  SPeed
Pure copper Sounder internal structures for lower

traverse speed.

As displayed in Table 4, Galvéo et al. (2011) and Bisadi et al. (2013) were the
only authors addressing the influence of varying simultaneously both the rotation and
traverse speeds on Al-Cu friction stir butt and lap weldability, respectively. However, it
should be noted that whereas the former authors analysed the welding results according
to the rotation to traverse speeds ratio (w/v) corresponding to each welding condition,
the latter authors interpreted their results considering the rotation’s square to traverse
speed ratio (w?/v). An important effect of the w/v ratio on the internal structure of the
welds was noticed by Galvéo et al. (2011). Actually, stronger base materials interaction
and higher intermetallic content were noticed in welds produced with increasing w/v
ratio. However, contrary to the studies reported in Tables 2 and 3, no significant
changes on weld surface quality were noticed by varying the rotation and traverse
speeds. The surface finishing of the butt welds was found to be adversely influenced by
the intermetallic content of the joints’ top layer. This was a very innovative conclusion,
which had never been reported in the studies conducted before, representing an
important advance in the understanding of Al-Cu welds surface properties. In turn,
Bisadi et al. (2013) noticed lap welds with poorer surfaces for increasing values of w’/v
ratio. Regarding the internal structure of the joints, the authors found that intermediate
values of the w?/v ratio provided more proper welding conditions, which is in good

agreement with that reported by Saeid et al. (2010).
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Table 4 - Studies addressing the effect of the rotation to traverse speeds ratio on Al-Cu weld

macrostructure.
Study Base Materials Joint
Conf Ratio’s Range Key Highlights
Thickn. Alloys ’

Rotation to traverse speed ratio - w/v (rev/mm)

Increased intermetallic  phases
formation for increasing w/v ratio;

1000, =0, Surface finishing independent
Galvio et al. AA 5083 250 160 ° urface |_n|.s ing independent on
m Butt the w/v ratio;
(2011) Copper-DHP 1000
160 Intermetallic content of the surface
affects adversely the surface
finishing.

Rotation’s square to traverse speed ratio - w°/v (rev’/mm)

Improved surfaces for lower w?/v
Bisadi et al. 25 mm AA 5083 600 t0 1550° ratio;

Lap
(2013) 3mm  Pure copper 5 16 Intermediate  w?/v ratio promotes
sounder welding conditions.

From the analysis conducted in the previous paragraphs, it can be concluded that
if, on the one hand, unanimity was reached regarding the influence of the rotation and
traverse speeds on particular aspects of the welds, on the other hand, some issues still
remain non-consensual. In fact, it is well-established that increased interaction of both
base materials occurs under higher heat-input conditions, i.e. for lower values of
traverse speed and higher values of rotation speed (or higher w/v and w?/v ratios).
However, the influence of the rotation and traverse speeds on the surface appearance of
the Al-Cu welds does not generate unanimity. Although some authors noticed better
surface finishing to be achieved under lower values of traverse speed or higher rotation
speed, these findings were not corroborated by some other authors, who noticed
precisely the reverse, or even, no influence of these parameters on weld surface
properties. Even so, the relation found to exist between the surface appearance of the

welds and its intermetallic content was an important progress in Al-Cu FSW.

3.1.2 - Base Materials Positioning

The relative positioning of the base material plates in the welding joint, defining the

advancing and retreating side material, in butt joining, or the top and bottom material, in
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lap joining, is a very important parameter in dissimilar FSW, which has a critical
influence on the weldability of several materials (DebRoy and Bhadeshia, 2010). The
operational details and main conclusions of the studies addressing the effect of base
materials positioning on Al-Cu friction stir butt and lap weldability are resumed in
Tables 5 and 6, respectively.

According to the works displayed in Table 5, there is no unanimity regarding the
most suitable positioning of the aluminium and copper base materials in butt joining.
Nevertheless, a remarkable influence of this parameter on the final welding results was
noticed in all the works, even in the most preliminary investigations, such as those
conducted by Murr et al. (1998a, 1998b). These authors, without mentioning the
advancing and/or retreating sides of the tool, or even pointing the reasons for the
phenomenon they noticed, reported considerable differences in structural soundness of
the welds by changing the positioning of the aluminium and copper plates, while all
other welding variables were kept constant. More than one decade later, Galvéo et al.
(2010) were the first authors to conduct an in-depth investigation on this aspect.
Accordingly to the previous authors, significant differences in the welding results were
noticed by reversing the positioning of the base material plates. Effectively, welds with
much more irregular morphology were produced when the aluminium alloy was
positioned at the advancing side of the joint. Significant material expulsion from the
joint, and incipient Al-Cu mixing, were found to occur during welding, which resulted
in the production of welds with important thinning and massive aluminium flash. The
strong influence of base materials positioning on the welding results was interpreted in
light of the material flow mechanisms occurring during Al-Cu FSW and the differences
in physical and mechanical properties of both metals. The findings reached in this work
were corroborated, one year later, by both Xue et al. (2011a) and Liu et al. (2011), who
also reported improper welding conditions by positioning the aluminium plate at the
advancing side of the joint.

More recently, unlike to the previous authors, Tan et al. (2013) noticed sounder
Al-Cu FSW conditions by positioning the aluminium plate at the advancing side of the
joint. However, the influence of base materials positioning on Al-Cu friction stir

weldability was not explicitly addressed in this work.
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Table 5- Studies addressing the effect of the base materials positioning on Al-Cu butt weld

macrostructure.
Base Materials Key Highlights
Study _
Thickn. Alloys Aluminium - Adv. Sd. Copper - Adv. Sd.
Murr et al. 6 mm AA 6061 Important differences in welding results by changing the base
(1998a, 1998b) Pure copper ~ Materials positioning.
Galvao et al. 1 mm AA 5083 Improper welding conditions;  Sounder welding conditions;
(2010) Copper-DHP  No Al-Cu interaction. Increased Al-Cu interaction.
AA 1060
Xue et al. 5mm Improper welding conditions.  Sounder welding conditions.
(2011a) Pure copper
i AA 5052
Liuetal. 3 mm Improper welding conditions.  Sounder welding conditions.
(2011) Pure copper
5A02 alum.
Tan etal 3mm Sounder welding conditions.  Improper welding conditions.
(2013) Pure copper

As displayed in Table 6, Akbari et al. (2012) investigated the effect of base
materials positioning on Al-Cu friction stir lap weldability. Keeping all the other
welding variables constant, the authors observed important differences in structural
soundness of the welds by varying the base materials positioning. Whereas improper
welding conditions were noticed by positioning the copper plate at the top of the joint,
sounder structures were achieved for the welds produced with the reverse positioning of
the plates. This finding is in good agreement with the positioning adopted by most of
the researchers working in Al-Cu friction stir lap welding (Abdollah-zadeh et al., 2008;
Saeid et al., 2010; Xue et al., 2011b; Bisadi et al., 2013), who exclusively studied welds
produced with the aluminium alloy located at the top of the joint. Galvao et al. (2013)
were the only authors adopting the reverse positioning of the base material plates,
which, according to them, has great interest to some practical applications, such as

copper cladding over thick aluminium substrates.

Table 6 - Study addressing the effect of the base materials positioning on Al-Cu lap weld

macrostructure.
Base Materials Key Highlights
Study _
Thickn. Alloys Aluminium - Top Copper - Top
. AA 7070 . o
Akbari et al. (2012) 2mm Sounder structures. Improper welding conditions.

Pure copper
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3.1.3 - Tool Offset

Tool offset from the plates interface towards one of the base materials has been
extensively reported in literature since the very initial stage of dissimilar friction stir
butt welding. In fact, a large range of studies point this procedure as a possible solution
for achieving proper welding conditions, since it enables to reduce, or even to avoid, the
wear of the tool, formation of brittle intermetallic phases and unsuitable material flow
(Watanabe et al., 2006; Lee et al., 2006; Dressler et al., 2009).

The operational details and main conclusions of the studies addressing the
influence of tool offset on Al-Cu friction stir butt weldability are displayed in Table 7.
From the table it can be concluded that one of the first works addressing this issue was
conducted by Okamura and Aota (2004). Welds with less defects and better surface
finishing were noticed by full shifting the tool from the base materials interface towards
the aluminium alloy. According to the authors, tool offset avoided strong Al-Cu mixing,
and consequently, the formation of large amount of harmful intermetallic phases. They
stressed that the aluminium was exclusively extruded against the harder copper,
providing welding by diffusion bonding. The achievement of defect-free welds by full
shifting the tool towards the aluminium alloy was also reported by Genevois et al.
(2011). In good agreement with Okamura and Aota (2004), the authors named this FSW
procedure “Friction Stir Diffusion Bonding”. However, although production of non-
defective welds was claimed by Genevois et al. (2011), no results concerning welds’
internal macrostructure, surface finishing, or even, strength were presented, which
avoids more supported conclusions to be reached.

Unlike to the previous works, in which a single tool offset condition was
analysed, Xue et al. (2011a) and Galvao et al. (2012c) studied the evolution of weld
structure and morphology for varying values of tool offset towards the aluminium alloy.
Significantly smaller amounts of copper dragged from the advancing to the retreating
side of the joints, and consequently, lower formation of brittle intermetallic phases, was
noticed in both works for increasing values of tool offset. Moreover, better surface
appearance was also reported in both investigations for welds produced with high offset
values. Particularly, Galvdo et al. (2012c) noticed significant differences in surface
intermetallic content, i.e. significantly intermetallic-richer surfaces were reported for
small offset values. On the other hand, very smooth and regular surfaces, exclusively

composed of aluminium, were observed for the welds produced with the tool mostly
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shifted towards the aluminium alloy. Nevertheless, despite the significant improvements
observed in the surface properties of the welds produced with high offset values, tool
offset was considered by Galvao et al. (2012c) to be an ineffective way of improving
Al-Cu friction stir weldability. Actually, metallurgical discontinuities were observed in
all the welds, regardless of the offset values.

As displayed in Table 7, tool offset towards either the aluminium and copper
alloys was tested by Liu et al. (2011) and Avettand-Fenoél et al. (2012). According to
Liu et al. (2011), significant worsening in weld structure and morphology was promoted
by shifting the tool from the materials interface, pointing to the ineffective contribution
of tool offset to achieve proper Al-Cu FSW conditions. In good agreement with this,
improper welding conditions were also noticed by Avettand-Fenoél et al. (2012)
regardless of the tested tool offset. Moreover, unlike to that reported in most of the
previous works, the intermetallic content of the welds produced with tool offset was
found to be higher than that of the welds carried out with the tool centred at the
materials interface. The authors inferred that, as opposed to a stirring volume made of
equivalent fractions of ductile materials with distinct malleability, mechanical mixing is
facilitated in the cases of a predominant volume fraction of one metal, resulting in
increased formation of intermetallic phases.

From all the works reported above, it can be concluded that no unanimity exists in
literature regarding the influence of tool offset on Al-Cu weldability. In fact, although
most of the works conducted in this field pointed to significant improvements in weld
surface finishing by welding with the tool shifted from the interface towards the
aluminium alloy side, important divergence exists regarding the evolution of the
internal structure of the welds. Several factors may contribute to this discrepancy, such
as the differences in the alloys to be welded, the thickness of the base materials, the

rotation and traverse speeds used to produce the welds and the geometry of the tool.
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Table 7 - Studies addressing the effect of tool offset on Al-Cu butt weld macrostructure.

Study Base Tool Offset Key Highlights
Materials  (pct. value)®  Cu Sd. Off. Al Sd. Off.

Reduced formation of intermetallic

Okamura and Aota AA 6061 100 % NT phases;

(2004) O-free copper Less defective welds with improved
surface finishing.

Genevois et al. AA 1050 100 % NT Reduced Al-Cu mixing;

0

(2011) Pure copper

AA 1060

Xue et al. (2011a)
Pure copper

AA 5052

Liu et al. (2011) Pure copper

Galvéao et al. AA 6082
(2012c) Copper-DHP
Avettand-Fenoél et AA 6082

al. (2012) Pure copper

33 %, 67 %,
83 %, 100 %

100 %

25 %, 50 %,
75 %, 100 %

~30%

NT

Abolishment of several defects.

Reduced formation of intermetallic
phases for higher offset values;

Higher values of tool offset provide
better surface finishing.

Globally defective welds achieved by shifting the
tool either to the aluminium or copper sides of the

joint.

NT

Sound surfaces without intermetallic
content for higher offset values;

No materials mixing for high offset
values;

Formation of
discontinuities,
offset value.

metallurgical
regardless of the

Defective internal structures;

Increased formation of intermetallic phases achieved
by shifting the tool either to the aluminium or
copper sides of the joint.

a - Pct. offset value corresponds to the offset value to the pin radius ratio (in percentage).

NT - Non-tested.

O-free copper - Oxygen-free copper.

3.1.4 - Tool Geometry

The tool, which governs the heat generation and plastic deformation, influencing all the

metallurgical and thermomechanical phenomena occurring during the process, is the

core element in FSW. Particularly in Al-Cu FSW, in which sound welding conditions

are very difficult to be reached, a suitable tool design is crucial to achieve proper

interaction of both base materials. This issue was deeply addressed in two published

works, whose operational details and main conclusions are displayed in Table 8.

Ivan Garcia de Galvao

58



Analysis of Friction Stir Weldability of Aluminium to Copper

As shown in Table 8, welds produced with two distinct tool designs, i.e. conical
and scrolled shoulder tools, were investigated by Galvao et al. (2010, 2012a), who were
pioneers in studying the influence of the tool geometry on the AI-Cu friction stir
weldability. Important relations between the tool geometry, the material flow
mechanisms, which remained totally uncharacterised until the development of these
works, and the final welding results were established. In fact, significant differences in
material flow mechanisms were noticed by varying the tool design, which seriously
impacted on the final structure and morphology of the joints. In terms of surface
finishing, the welds produced with the conical tool presented surfaces with higher
intermetallic content and much more irregular morphology than the welds produced
with the scrolled tool, for which excellent surface finishing was noticed. On the other
hand, the intermetallic content inside the welds (in the nugget) produced with the
scrolled tool was higher than that of the welds produced with the conical tool.
Moreover, accumulation of intermetallic-rich material under the tool, which was noticed
to be one of the most serious concerns in Al-Cu FSW, severely affecting the material
flow and deposition processes, was registered exclusively in the welds obtained with the

conventional conical shoulder tool.

Table 8 - Studies addressing the effect of the tool geometry on Al-Cu weld macrostructure.

study Base Materials Joint Key Highlights
. Conf. .
Thickn. Alloys oM Conical Shoulder Tool Scrolled Shoulder Tool
Irregular surfaces; Excellent surfaces;
Galvio et al. AA 5083 Upp_er . half-plate’s materials Thrqug.h-thlckness material
1 mm Butt mixing; mixing;

(2010) Copper-DHP . . . ;
Accumulation of intermetallic No accumulation of
material under the tool. material under the tool.
Intermetallic-rich surfaces; Aluminium-rich surfaces;

Galaoetal. AA 5083 Butt  Lower intermetallic content Higher intermetallic content

(2012a) Copper-DHP inside the welds (in the inside the welds (in the
nugget). nugget).

3.1.5 - Base Materials

Both the aluminium and copper alloys systems comprise a large number of alloys.
Remarkable dissimilarities in structural properties exist among the several alloys of

each system. This way, significant differences in Al-Cu friction stir weldability are
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expected to exist according to the aluminium and copper alloys being welded. However,
most of the works conducted in Al-Cu FSW are aimed to study a single welding couple,
which obviously prevents the influence of base materials properties on the final welding
results to be evaluated. Contrary to this, a very innovative work, whose operational
details and main conclusions are displayed in Table 9, was conducted by Galvéo et al.
(2013) with the aim of investigating this issue.

The influence of the aluminium alloy type on Al-Cu welding results was studied
by comparing the weldability of a heat-treatable (AA 6082) and a non-heat-treatable
(AA 5083) aluminium alloy to copper in lap joining. The authors noticed important
differences in the weldability of each aluminium alloy to copper, and consequently, in
the final structure and morphology of both types of welds. In fact, whereas improved
surface finishing and very incipient base materials interaction was noticed for the AA
5083/copper joints, surface deepening and strong materials mixing, which resulted in
extensive formation of AIl-Cu intermetallic phases, was observed for the AA
6082/copper friction stir welds. The different mechanical behaviour of each aluminium
alloy under the extreme conditions of temperature and plastic deformation occurring

during welding was found to be on the basis of the different welding results.

Table 9 - Study addressing the effect of the base materials on Al-Cu weld macrostructure.

stud Base Materials Joint Key Highlights
udy
Thickn.  Alloys  CO" A 5083/copper Fsw AA 6082/copper FSW
6 mm AA 5083 Smooth and regular surfaces; Deepening at the surface;
C;%Ii’;:‘o etal. & mm AA 6082 Lap 'Mcipient Al-Cu interaction;  Strong Al-Cu mixing;
( ) 1 Copper-DHP Reduced formation of Extensive formation of
mm PP intermetallic phases. intermetallic phases.

Overall remarks on weld macrostructure

Important progresses have been achieved in Al-Cu FSW literature regarding the effect
of the welding parameters on the weld macrostructure. It is well-established that the
rotation and traverse speeds, the relative positioning of the base materials, the tool
geometry, the tool offset and the type of the welded alloys have strong influence on the
final structure and morphology of the welds. Important developments were also reached
concerning the causes promoting the poor surface finishing of the joints. Moreover,

even the non-unanimity on some issues should be regarded as a consequence of growing
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knowledge. Effectively, some concepts, well-accepted in literature some years ago, such
as the effectiveness of tool offset in improving the Al-Cu friction stir weldability, are

currently being questioned.

3.2 - WELD DEFECTS

It is well-established that proper welding conditions are very difficult to be achieved in
Al-Cu FSW, which often results in the production of defective welds. Table 10 shows a
literature-based overview of the most reported defects in Al-Cu welding, i.e. internal
discontinuities (Figure 7), cracking (Figure 8) and poor surface finishing (Figure 9), as
well as the factors promoting their formation. According to the table, the formation of
internal discontinuities is predominantly noticed in Al/Cu interfacial regions (Figure 7),
as a result of improper interaction of both base materials during welding (Abdollah-
zadeh et al., 2008; Saeid et al., 2010; Liu et al., 2011; Xue et al., 2011a; Akbari et al.,
2012; Firouzdor and Kou, 2012; Galvdo et al., 2012c, 2013; Bisadi et al., 2013; Tan et
al., 2013). However, Table 10 also shows that, as opposed to most authors, Galvao et
al. (2012c) did not notice internal discontinuities exclusively in Al/Cu interfacial zones,
but also at the interface of the intermetallic-rich layers and the aluminium and copper
volumes. The important differences in physical and mechanical properties of the base

materials and the Al-Cu phases were claimed to promote their formation.

Internal Discontin.

e . 5 ~ ) -
© AI/Cu.Discontinuities P e
e - .

s oy -

Figure 7 - Internal discontinuities formed in AA 6061/copper friction stir lap welds (adapted
from Firouzdor and Kou, 2012).

Cracking is essentially noticed over the intermetallic-rich structures of the welds
(Figure 8). As displayed in Table 10, the brittle nature of the Al-Cu intermetallic

lvan Garcia de Galvao 61



Analysis of Friction Stir Weldability of Aluminium to Copper

phases is unanimously pointed to be the cause governing extensive cracking incidence
in the AI-Cu friction stir welds (Ouyang et al., 2006; Akinlabi et al., 2010; Galvéo et al.,
2010, 2011, 2012a, 2013; Xue et al., 2011a; Avettand-Fenoél et al., 2012; Liu et al.,
2012). In good agreement with this, it is well-established that the higher the
intermetallic content of the welds, the more intense and severe is cracking (Ouyang et
al., 2006; Galvao et al., 2011, 2012a).

Cracking

CugAly-rich mixture

20 pm -

Figure 8 - Cracking in AA 5083/copper friction stir butt welds (adapted from Galvéo et al.,
2011).

Poor surface finishing is a concern particularly noticed in Al-Cu butt joining. As
displayed in Table 10, rough layers of irregularly distributed material are extensively
noticed at the surface of the Al-Cu butt welds (Galvéo et al., 2010, 2011, 20123, 2012c;
Liu et al., 2011; Xue et al., 2011a). However, Galvao et al. (2011, 2012a, 2012c) were
the only authors analysing this issue in-depth, pointing the poor surface finishing of the
welds to result from the intermetallic-rich content of the top layers, which prevents a
regular material deposition over the surface, promoting the formation of zones with

strong material accumulation and areas with significant material absence (Figure 9).

Poor Surface Finishing

Intermetallic-rich layer

Figure 9 - Poor surface finishing in AA 6082/copper friction stir butt welding (adapted from
Galvéo et al., 2012c).
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Overall remarks on weld defects

The main types of defects in AI-Cu FSW are identified in literature as well as the causes
governing their formation. Improper interaction of both base materials and extensive
formation of intermetallic phases are established to be the main factors promoting the
production of defective welds.

3.3 - WELDING CONDITIONS’ PHYSICAL INDICATORS

Physical quantities, such as temperature, traverse force, torque and power, are important
indicators of the evolution in FSW conditions, whose study has increased interest in
process’s control. However, in Al-Cu joining, investigation has been essentially focused
on the analysis of the welding temperature and torque. The knowledge on these physical

quantities in Al-Cu FSW is addressed in current section.

3.3.1 - Welding Temperature

Temperature is an important aspect in FSW, which influences the whole structure of the
welds. This issue was addressed in some Al-Cu FSW works, which are displayed in
Table 11. The peak temperature, tool rotation and traverse speeds, base materials and
temperature-measuring procedures used in each of these studies are shown in the table.
Temperature in Al-Cu butt welding was addressed by Savolainen et al. (2006),
Ouyang et al. (2006) and Liu et al. (2011). According to Table 11, the peak
temperatures registered in each study are significantly different, ranging between 422 °C
and 580 °C. In good agreement with this, Ouyang et al. (2006) and Liu et al. (2011)
also noticed very different holding times at high temperature. In fact, whereas Ouyang
et al. (2006) reported temperatures above 500 °C to be achieved for 24 seconds, the
temperature registered by Liu et al. (2011) did not reach this value at any instant and it
was above 100 °C for only 32 seconds. It should be noted that the rotation and traverse

speeds, the type and thickness of the welded alloys and the temperature-measuring
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zones varied significantly among the Al-Cu butt welding works, which easily explains
the differences in the reported temperatures.

Akbari et al. (2012) studied the temperature in Al-Cu lap welding (Table 11). The
effect of the base materials positioning on the maximum temperature reached during the
process was particularly emphasised in this work. According to the authors, the peak
temperature varies significantly according to the material positioned at the top of the
joint. In fact, whereas a maximum peak of 472.2 °C was registered in the welds
produced with aluminium plate located at the top of the joint, 373 °C was found to be
the maximum temperature reached in the welds achieved with the reverse base materials
positioning. The authors claimed that the higher thermal conductivity of the copper
provided a faster distribution of the heat through the nearby regions of the sheet, which

prevented the heat to be concentrated in the welding zone.
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Table 11 - Welding temperature reported in Al-Cu FSW literature.

Base Materials Welding Parameters Maximum Welding Temperature
Study ) ) Measuring Procedure .
Alloys Thickn. Rotation  Trav. Speed Measuring Zone Value
Butt Joining
. AA 6060 . Into the pin;
Savolainen et al. (2006) 10 mm 750 rpm 150 mm/min K-type thermocouples . 500-520 °C
O-free copper 2 mm in-depth from the top surface.
AA 6061 . 8 mm away from butt interface (Al side);
Ouyang et al. (2006) 12.7mm 914 rpm 95 mm/min K-type thermocouples . 580 °C
Pure copper 2 mm in-depth from the top surface.
AA 5052 1.5 mm away from butt interface (Cu
Liu et al. (2011) 3mm 1000 rpm 100 mm/min K-type thermocouples ~ side); 422 °C
Pure copper .
2 mm in-depth from the top surface.
Lap Joining
. AA 7070 2 . Joint’s centreline; 373 °C (Cu-to
Akbari et al. (2012) mm 1400 rpm 25 mm/min Infrared thermometer ( P)
Pure copper 2mm Top surface. 472.2°C (Al-top)

O-free copper - Oxygen-free copper.
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3.3.2 - Welding Torque

The spindle torque is a physical quantity closely related to the energy spent during
FSW. A pioneer study on the AI-Cu FSW conditions based on torque sensitivity
analysis was recently conducted by Galvéo et al. (2012b). The operational details and
main conclusions of this investigation are displayed in Table 12.

For similar testing conditions, Galvéo et al. (2012b) noticed significantly lower
torque values in Al-Cu FSW than in similar welding of each base material. The factors
promoting torque decrease in dissimilar FSW were found to vary according to the
relative positioning of the base material plates. Strong material expulsion from the joint,
which heavily reduced the volume of material dragged by the tool at each revolution,
was pointed to be the cause on the basis of torque decrease during welding with the
aluminium plate positioned at the advancing side. In turn, tool slippage promoted by
fluidisation of low melting temperature intermetallic phases was claimed to reduce the
spindle torque during welding with the reverse positioning of the plates. Moreover,
strong fluctuations in instantaneous torque evolution were also noticed during welding
with the copper plate positioned at the advancing side. According to the authors, the
accumulation of intermetallic-rich material under the tool and its subsequent expulsion
after some revolutions promoted important torque peaks and drops, respectively,

resulting in a very irregular torque evolution.

Table 12 - Study addressing the welding conditions in Al-Cu FSW by torque sensitivity

analysis.
Base Materials i
Study _ (J:O'”ft Key Highlights
Thickn. Alloys Ll
Torque in Al-Cu FSW is lower than in similar
FSW of each base material;
Fluidisation of intermetallic layers promoted
AA 5083 - - - - - - -

Galvio etal. 2012b) 1 mm Butt tool slippage during d_|SS|rr]|Iar welding with

Copper-DHP Cu plate on the advancing side;

Material expulsion reduced the volume of
material dragged by the tool during dissimilar
welding with Al plate on the advancing side.
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Overall remarks on welding conditions’ physical indicators

The knowledge on the Al-Cu FSW temperature and torque has increased in recent years.
Regarding the temperature, research has been essentially focused on the peak values
achieved during welding. In turn, deeper conclusions were reached on the welding
torque. This quantity was established to be strongly influenced by the intermetallic

phases’ formation and the volume of material dragged by the tool at each revolution.

3.4 - WELD MICROSTRUCTURE

Complex thermal, mechanical and metallurgical phenomena occurring during welding
govern the microstructure of the Al-Cu friction stir welds, which is explored in current
section in light of the knowledge available in literature. The distinct microstructural
zones of the welds are characterised, being given particular emphasis to the structure
and morphology of the nugget, by describing the Al-Cu interaction patterns, resulting
from base materials mixing, and the bonding features at the base materials non-mixed

interface.

3.4.1 - Weld Microstructural Zones

The microstructural regions commonly identified in the transverse and horizontal
sections of any weld produced by FSW are the thermomechanically-affected zone
(TMAZ), which comprises the non-recrystallized TMAZ and the nugget, and the heat-
affected zone (HAZ). However, in Al-Cu FSW, microstructural evidence of the HAZ is
very scarcely reported in literature. In fact, this zone was noticed by a small number of
authors, such as Abdollah-zadeh et al. (2008), Xia-wei et al. (2012) and Bisadi et al.
(2013), who observed some increase in aluminium and/or copper grain size, and Sarrafi
et al. (2011), who reported a significant loss in microstructural rolling directionality.
Both phenomena were claimed to result from the thermal annealing experienced by the

base materials in the HAZ.
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The non-recrystallized TMAZ, which bounds the nugget at both the aluminium
and copper sides of the welds, is characterised by a plastically deformed grain structure.
This zone is extensively reported in Al-Cu FSW literature, independently of the alloys
to be welded, the welding parameters or the joint configuration. A transmission electron
microscopy (TEM)-based analysis of aluminium and copper TMAZ microstructure can
be found in Genevois et al. (2011), for AA 1050/pure copper FSW.

Regarding the nugget of the welds, important grain refinement is often noticed in
both the aluminium and copper sides, as a result of the dynamic recrystallization
experienced by the materials during welding. Nevertheless, few researches have been
focused on characterising in-depth nugget grain structure. From the works addressing
this aspect, some scattering is noticed regarding the grain size, which is easily explained
based on the different base materials and welding parameters used to produce the welds.
Micron-sized grain structures were noticed by Genevois et al. (2011) and Goran et al.
(2012) in the nugget of AA1050/pure copper and AA6082/pure copper friction stir butt
welds, respectively. In turn, Xue et al. (2011b) and Galvdo et al. (2013), in AA
1060/pure copper and AA 5083/copper-DHP friction stir lap welding, respectively,
reported the formation of much more refined microstructures, especially for the
aluminium alloy. Deep TEM and electron backscatter diffraction (EBSD)-based
analyses enabled Galvédo et al. (2013) to notice the formation of a nano-structured
aluminium region. The impressive grain refinement reported in this work is a very
important advance in Al-Cu FSW, which may contribute to the achievement of lap
welds with very high strength. The small dimensions of the tool were pointed by Galvéao
et al. (2013) to be the cause promoting very low heat-input during welding, and

consequently, the incipient growth of the recrystallized grains.

3.4.2 - Al-Cu Interaction Patterns

Important features resulting from aluminium and copper interaction during FSW are
often noticed in AI-Cu welds, specifically in the nugget. As displayed in Table 13,
significant research has been devoted to the characterisation of these interaction-
promoted patterns, especially in which regards to their morphology and phase content.
According to the morphology, the Al-Cu interaction structures can be grouped into three
different classes, i.e. lamellar intercalated features (Figure 10), homogeneous mixtures

(Figure 11) and composite-like structures (Figure 12). The intermetallic content of the
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structures varies significantly according to their morphology, increasing from the
composite-like structures to the homogeneous mixtures. Moreover, it should be noted
that interaction patterns with different morphologies can coexist in the nugget. In fact,
few studies reported nuggets in which a single Al-Cu interaction morphology was
noticed.

The lamellar intercalated morphology was first reported in two very preliminary
investigations conducted by Murr et al. (1998a, 1998b) in Al-Cu butt joining. Structures
consisting of swirl and vortex-shaped intercalated lamellae were observed by these
authors (Figure 10). Despite their fluid-like morphology, the interaction patterns
resulted, according to Murr et al. (1998b), from intense solid-state plastic flow, since no
evidence of melting was noticed. More recently, patterns with similar morphology and
solid-state nature were noticed by several other authors, such as Ouyang et al. (2006),
Galvéo et al. (2011, 2012a, 2012c), Liu et al. (2011, 2012) and Tan et al. (2013), in Al-
Cu butt welding, and Xue et al. (2011b), Firouzdor and Kou (2012) and Galvéo et al.
(2013), in Al-Cu lap joining. However, as can be observed in Table 13, some scattering
exists in the complexity of the interaction features reported in literature. In fact, whereas
Ouyang et al. (2006) and Xue et al. (2011b) noticed simpler structures, consisting
exclusively of two phases, other authors, such as Galvao et al. (2011, 2012a, 2012c,
2013), Liu et al. (2011, 2012), Firouzdor and Kou (2012) and Tan et al. (2013), reported
the formation of very complex features, composed of several layers of different phases.

According to Galvéo et al. (2011, 2012a), the Al-Cu lamellar structures result
from heterogeneous mixtures formed inside the shear layer surrounding the pin, which
are deposited in the nugget during the travel motion of the tool. The initial phase content
of the pin-governed mixing volume and the heat-input/stirring conditions, which were
found to depend strongly on both the rotation and traverse speeds and the tool geometry,
are advocated to be the factors governing the morphology of the nugget interaction
patterns. In good agreement with this, Liu et al. (2012) concluded that the morphology
of the lamellar structures is significantly influenced by some welding parameters,
especially the rotation speed and tool offset. Important variations in the thickness,
density and orientation of the intercalated lamellae were noticed by these authors when
varying these parameters. More recently, a model aimed to explain the phenomena
promoting the formation of the Al-Cu lamellar structures was proposed by Tan et al.
(2013). Strong influence of tool axial and traverse loads as well as tool rotation

direction on the final morphology of the interaction structures was noticed by these
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authors. Considering the conclusions reached in these recent works, the aforementioned
dissimilarities existing in literature regarding patterns complexity (Table 13) are easily
explained by the different interaction conditions occurring in the nugget of the welds,

which were produced with varied welding parameters.

Figure 10 - Lamellar intercalated structure formed in the nugget of AA 6061-T6/copper friction
stir welds (adapted from Murr et al., 1998b).

The second morphological class of AI-Cu interaction patterns, i.e. the
homogeneous mixtures, is much less reported in literature than the previous morphology
(Table 13). These patterns, which were characterised in detail by Galvéo et al. (2011,
2012a), in Al-Cu butt welding, consist of a fairly homogenous volume of intermetallic-
rich material (Figure 11). According to the authors, the formation of these features only
occurs when the mixing volumes in the shear layer are very rich in one of the base
material phases (aluminium or copper) and very intense stirring and heat-input
conditions are experienced. Specifically, Galvdo et al. (2011) stressed that the
heterogeneous lamellar structures described above may evolve to homogenous mixtures
under increased stirring and heat-input. Moreover, from Table 13, it can be observed
that whereas a CugAls-rich structure was noticed by Galvao et al. (2011), a CuAl,-rich
structure was reported by Galvdo et al. (2012a). Significant differences in tool
geometry, and consequently, in the initial content of the pin-governed mixing volumes,
were on the basis of this dissimilarity. It should be noted that, similarly to that reported
to the lamellar patterns, no signs of melting were noticed over the homogeneous

intermetallic-rich structures.
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Homogeneous*
CuAly-rich mixture

Figure 11 - Homogeneous mixture formed in the nugget of AA 5083/copper friction stir welds
(adapted from Galvéo et al., 2012a).

The composite-like structures, i.e. the third morphological class of Al-Cu
interaction patterns, consist of small copper, copper-rich or intermetallic particles
scattered over an aluminium or aluminium-rich matrix (Figure 12). These structures can
be observed over the entire nugget, with this zone fully assuming an aluminium-matrix
composite structure, or just in some localised regions. Composite-like structures
confined to localised areas of the nugget were reported by Liu et al. (2011) and Tan et
al. (2013), in Al-Cu butt welding, and by Xue et al. (2011b) and Firouzdor and Kou
(2012), in AI-Cu lap joining. In turn, nuggets fully assuming aluminium-matrix
composite structures were reported by Xue et al. (2010, 2011a) and Galvéo et al.
(2012c), in Al-Cu butt welding. However, these were exclusively noticed in welds
produced with high values of tool offset towards the aluminium alloy side. According to
Galvéo et al. (2012c), since the incorporation of copper, i.e. the advancing side material,
into the shear layer is predominantly promoted by the pin, the high offset provides
significant decrease in the amount of this material dragged towards the aluminium side.
In turn, Xue et al. (2010, 2011a) emphasised that the copper pieces which are scraped
by the pin from the bulk copper plate are fragmented in particles with non-uniform
shapes/sizes and non-homogeneously distributed over the aluminium matrix. Owing to
the reaction of the smallest copper particles with the aluminium matrix, small amounts
of intermetallic phases are formed. Xue et al. (2011a) also reported that a minimum
value of rotation speed is required to promote interfacial reaction of the copper particles
with the aluminium matrix. As observed in Table 13, some differences exist in the
phase content of the composite-like structures noticed in literature, which is in good
agreement with that referred for the previous morphological classes. Again, no signs of

melting were reported in these structures.
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Figure 12 - Composite-like structure formed in the nugget of AA 1060/copper friction stir
welds (adapted from Xue et al., 2010).

All the structures described above were found to have a common characteristic,
i.e. no signs of melting. However, an exception was noticed by Ouyang et al. (2006) in
Al-Cu butt welding (Table 13). As illustrated in Figure 13, which displays the
intermetallic structures’ gradient registered over the nugget, solidification indicative
features, namely dendritic structures, grains with oriented growth over long distances
and eutectic structures, were noticed for aluminium-rich phases (Al/CuAl;, eutectics,
CuAl, and CuAl). These melting structures were not included in any of the
morphological classes referred above, since no details concerning the interaction

patterns in which they were noticed were provided in this work.

CuAl; grains
a-Al flower-like and particle-shaped dendrites and a-Al/CuAl, eutectics at the grain boundaries

o-Al coarse grains
CuAl, coarse grains CuAl, grains with oriented growth a-Al/CuAl, eutect.
CuAl, grains

uonnqrysip saseyd
SSIUYDIY) IIA0 UOI)IIS-SSO1))

CuAl flower-like dendrites
Copper Cu(Al)/CugAly intercalated lamellae or vortices AA 6061

»
>

Cross-section over width phases distribution

Figure 13 - Intermetallic phases distribution over the nugget of AA 6061/pure copper friction
stir welds (adapted from Ouyang et al., 2006).
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Table 13 - Nugget interaction features noticed in Al-Cu FSW literature.

Study MaBtziieals Interact. pattern Phase content Key highlights

Butt joining

Murr et al. AA 6061 Phenomenon  resulting  from

(1998a, 1998b) Copper Intercal. lamellae. Al Cu extreme plastic flow in solid-state.

Ouyang et al. AA 6061 Intercal. lamellae;  Cu(Al), CugAl, Constitutional liquation of Al-rich

(2006) Copper Solidif. structures. ~ Al/CuAl,, CuAl,, CuAl ~ Phases.

Composite-like structure formed

éuoelgt)al. Pﬁrﬁc:lgGOer Composite-like. é:mﬁu CUAI, CusAls, over the whole nugget of welds
PP produced with very high offset.

Patterns morphology depends on

the homogeneity of mixing

Galvao et al. AA 5083 Intercal. lamellae; ~ Al, Cu, CuAly, CugAl, volumes;

(2011) Copper-DHP  Homog. mixtures.  Cu(Al), CueAl, Homogeneity of mixing volumes
depends on the rotation and
traverse speeds.

Al Cu(Al), CuAl,, CuAl,

Liu et al. AA 5052 Intercal. lamellae; ¢ oA, Intercalation model: CuAl+CugAl,

(2011) Pure copper Composite-like. Al, Cu(Al), CuAl, - Cu(Al) - Al+CuAl,+Cu(Al).
Composite-like structure formed
over the whole nugget of welds
produced with very high tool

Xue et al. AA 1060 Composite-like. Al, Cu, CuAly, CugAly, offset values:

(2011a) Pure copper CuAl . . .
Minimum  rotation speed s
required to the formation of a
composite.

Galvdo et al. AA 5083 Intercal. lamellae;  Al, Cu, CuAly, CusAly Homogeneity of mixing volumes

(2012a) Copper-DHP  Homog. mixtures.  CuAly, residual phases depends on tool geometry.
Rotation speed and tool offset

Liuetal. AA 5052 Intercal. lamellae Al, Cu, CuAl,, CuAl, have strong impact on the

(2012) Pure copper ' " CusAly morphology of the intercalated
lamellae.

Galvio et al. AA 6082 Intercal. lamellag;  Al, Cu, CuAl,, CugAl, Full tool offset strongly reduces

- the amount of copper dragged into

(2012c) Copper-DHP  Composite-like. Al, Cu, CuAly, CusAl, the shear layer.

_ Cu(Al), CuAl,, CuAl, Model relating tool axial and

Tanetal. 5A02 alum,  Intercal. lamellae; CusAl, CusAl, traverse loads and tool rotation

(2013) Pure copper  composite-like. Al Cu direction ~ with  the  final
morphology of the Al-Cu patterns.

Lap joining

Xue et al. AA 1060 Intercal. lamellae;  Cu, CuoAl, _Inte;rcalated lamellae for_med

(2011b) Pure copper G ite-lik Al Cu. CUAl inside large copper particles

omposite-like. » LU, LUAL scattered over the nugget.
Composite-like morphology

Firouzdor and
Kou (2012)

Galvao et al.
(2013)

AA 6061
Pure copper

AA 6082
Copper-DHP

Intercal. lamellag;
Composite-like.

Intercal. lamellae.

Al, CU, CUAlz, CU9A|4
Al, Cu

Al, Cu, CUA'z, CuoAly

formed at the aluminium side of
the nugget;

Intercalated lamellae formed at the
copper side of the nugget.

Intercalated lamellae encompass
the whole nugget.
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3.4.3 - Al/Cu Interface

The Al/Cu interface corresponds to the portion of the faying surfaces of both base
materials that remains non-mixed after welding, especially in butt joining. This zone of
the nugget is assuming an increasing relevance in literature, being considered one of the
most crucial characteristics defining the global soundness of the welds. As displayed in
Table 14, the phase content, thickness and continuity/uniformity of this zone have been
explored in some recent investigations. The formation of a single intermetallic layer at
the Al/Cu interface was noticed in most of the works reported in the table. Nevertheless,
the phase content of the interfacial layer is not consensual. Xue et al. (2010, 2011a),
Genevois et al. (2011) and Avettand-Fenocél et al. (2012) noticed two sublayers at the
interface, specifically a CuAl, sublayer at the aluminium side and a CugAl, sublayer at
the copper side (Figure 14a). More recently, Tan et al. (2013) noticed three sublayers,
i.e. the same CuAl, and CugAl, sublayers reported by the previous authors and a
sublayer of CusAl, between them. Moreover, important differences in the thickness and
continuity/uniformity of the interfacial layers are also reported in Table 14, which is
associated with significant differences in the welding conditions studied in each
investigation. Actually, Xue et al. (2011a) found an important relation between
interfacial layer properties and tool rotation speed. According to them, increasing the
tool rotation speed promoted the formation of thicker and less uniform layers. It should
be noted that the continuity/uniformity of the intermetallic layer is advocated to govern
the Al-Cu bonding at the whole interface, ensuring proper weld strength. Nevertheless,
continuous and uniform layers were not noticed in most of these works.

According to Table 14, a significantly different Al/Cu interface microstructure
was noticed by Galvédo et al. (2012c). Instead of a single interfacial layer (composed of
two or three distinct intermetallic sublayers), very small copper strips intercalated with
aluminium-rich structures and submicron-sized intermetallic lamellae were observed by
these authors at the Al/Cu interface (Figure 14b). However, as in some of the works
referred above, this microstructure was found to be non-uniform all along the interface,
ensuring metallurgical continuity only in some localised regions. In fact, several zones
of the interface consisted of sharp Al/Cu transitions, with no signs of base materials
interaction. An innovative conclusion was taken by the authors, who stressed that, under

the complex material flow and deposition phenomena taking place during FSW, it is of
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extreme difficulty to control the formation of a uniform and continuous thin
intermetallic layer all along Al/Cu interface.

Al-rich material

o

Cu strips

Aluminium

Interface

=

Acc. V. Spot Magn Det s 20 pm
10.0kV 3.4 1000x BSE

(b)

Figure 14 - Base materials interface. (a) Single intermetallic layer-type microstructure noticed
in AA 1060/pure copper friction stir welds (adapted from Xue et al., 2010). (b)
Multiple layers-type microstructure noticed in AA 6082/copper-DHP friction stir
welds (adapted from Galvao et al., 2012c¢).

Table 14 - Microstructural properties of base materials interface reported in Al-Cu FSW

literature.
Base Al-Cu base materials interface
Study Materials
Thickn.  Phase content Morphological Details
Xue et al. AA 1060 Intermetallic layer at the interface;
(2010) Copper Lum  CuAl, CusAls o inious and uniform layer.
Intermetallic layer at the interface;
Xue et al. AA 1060 Increasing rotation speeds promote the
.3- Al Al > . )
(2011a) Copper 0.3-3Hm  CUAL, CusAls formation of thicker and less uniform
interfacial layers.

. Intermetallic layer at the interface;
Genevois et al. AA 1050 . . .
(2011V) ! Pure copper 0.2um  CuAly, CusAl,  Discontinuous layer - Fragmentation at

the bottom region.

Copper strips intercalated with Al-rich
Galvéo et al. AA 6082 Al Cu, CuAl, [rateral | and - submicron-sized
(2012c) Copper-DHP CugAl, ’

Discontinuous metallurgical bonding at

the whole interface.

. Intermetallic layer at the interface;
Avettand-Fenocl AA 6082 ~3um  CuAl, CusAl; No details regarding uniformity and
et al. (2012) Pure copper e garding . y

continuity of the intermetallic layer.
Intermetallic layer at the interface;
5A02 alum. CuAl,, . . .
Tan et al. (2013) 1pum : Non-uniform metallurgical bonding at

Pure copper

CusAl,, CusAl,

the whole interface.
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Overall remarks on weld microstructure

Significant body of knowledge has been built over the last years on the microstructural
properties of Al-Cu friction stir welds. The detection of ultra-refined microstructures in
the nugget of the welds was an important achievement. Solid advances have also been
made regarding the characterisation of the nugget Al-Cu interaction patterns. In fact,
supported relations were established between the morphology and phase content of the
interaction features and the mechanisms promoting their formation, which, in turn, were
found to depend on the welding conditions. The non-mixed Al/Cu interface has also
been characterised in detail. The high difficulty in controlling the demanding
characteristics of the interfacial layers, in order to achieve good metallurgical bonding

at the whole interface, has been highlighted.

3.5 - ALUMINIUM-COPPER PHASES’ FORMATION PHENOMENON

Formation of intermetallic phases during Al-Cu FSW is a phenomenon with major
impact on the final structure and morphology of the welds. Current section is aimed to
characterise, in light of the existing knowledge, the AI-Cu phases’ formation
mechanisms and Kkinetics of growth during FSW. Before addressing in detail the Al-Cu
phases’ formation in FSW, a brief contextualisation on Al-Cu phase system is

presented.

3.5.1 - Al-Cu Phase System

According to the Al-Cu phase diagram, which is shown in Figure 15, seven equilibrium
phases coexist in the Al-Cu system at temperatures below 300 °C, specifically a-Al
solid-solution, 6-CuAl,, no-CuAl, (-CusAls, 6-CusAl, and y,-CugAl, intermetallic
phases and a-Cu solid-solution. These phases, which were enumerated in ascending
order of copper to aluminium ratio, have important differences in the extent of their

compositional ranges. Particularly, among the five intermetallic phases, which are
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identified by different colours in the Al-Cu diagram, the y,-CugAl, phase has the widest
compositional range, whereas the 6-CuAl, and {,-Cu,Al; phases have the narrowest.

Three of the equilibrium intermetallic phases, the 6-CuAl,, n2-CuAl and vy,-
CugAl,, are more widely reported to be the aluminium and copper reaction products in
Al-Cu FSW. Although it is important to keep in mind that the equilibrium phase
diagram is not totally adequate to represent some of the rapid thermal changes taking
place during FSW (Ouyang et al., 2006), from Figure 15, it can be observed that the 6-
CuAl; and np-CuAl phases result from the peritectic reactions L + 1n3-CuAl—0-CuAl,
and L + g— m1-CuAl, which occur at the temperatures of 591 °C and 620 °C,
respectively. During the equilibrium cooling, the phase n;-CuAl, formed at 620 °C,
gives rise to the low temperature equilibrium phase n,-CuAl. Regarding the y,-CugAly,
this phase is formed through a peritectoid reaction occurring at 870 °C. It is also
important to stress that an eutectic phase can be formed at the aluminium-richer zone of
the Al-Cu diagram at a significantly lower temperature than any of those referred above,
as a result of the eutectic reaction L—a-Al + 6-CuAl,, which occurs at approximately
548 °C.
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Figure 15 - Al-Cu phase diagram (adapted from Kouters et al., 2013).
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The AI-Cu reaction can also be interpreted based on thermodynamic concepts.
The effective heat of formation (EHF) of the different Al-Cu phases, which were
calculated by Guo et al. (2011) based on Pretorius et al. (1991) model, are displayed in
Table 15. It should be stressed that, in this model, the EHF is calculated as a function of
the standard heat of formation and the effective concentration of the elements at the
reaction interface. So, EHF model links standard thermodynamic concepts (heat of
formation) with Kinetics (effective concentration) and evaluates phase formation from a
thermodynamic-kinetic viewpoint. According to it, the first intermetallic phase to
nucleate is the one with the most negative EHF at the composition of the lowest liquidus
temperature, which, in this case, is the 8-CuAl,.

Table 15 - Effective heat of formation of the Al-Cu equilibrium phases.

Phase a-Al 6-CuAl, T]2'CUA| CQ'CU4A|3 8'CU3A|2 "{2'CU9A|4 o-Cu

EHF (k3/mol)  -------- -6.76 -6.68 -6.29 -5.84 561 -

Source: Guo et al. (2011).

3.5.2 - Intermetallic Phases’ Formation Mechanisms in Al-Cu FSW

Important research has already been conducted on intermetallic phases’ formation
mechanisms during Al-Cu FSW. Published works addressing this issue are resumed in
Table 16. From the table, it can be observed that two different phenomena were claimed
by Ouyang et al. (2006) to govern the formation of Al-Cu intermetallic phases during
FSW. The aluminium-rich phases, i.e. Al/CuAl, eutectics, CuAl, and CuAl, were
pointed to be formed by constitutional liquation, which was supported by their solidified
morphology and low melting temperature. On the other hand, as no signs of melting
were noticed over the copper-rich intermetallic structures formed in the welds, i.e.
intercalated lamellae of Cu(Al) and CugAls, a solid-state diffusion phenomenon,
consisting of the mechanical integration of aluminium into copper, was pointed to
govern the formation of CugAl,. In fact, the melting temperature of this phase is much
higher than the temperatures registered by Ouyang et al. (2006) during Al-Cu FSW,
which prevented its formation by solidification. The arising of mixing regions in the
welds with a similar compositional range to CugAl, was stressed to be a key factor for
the formation of this phase.
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Some years later, a thermomechanically-activated solid-state diffusion
phenomenon was pointed by Galvéo et al. (2011) to govern the formation of both the
aluminium (CuAly) and copper-rich (CugAl,) intermetallic phases during FSW. As no
solidification structures were noticed all over the intermetallic-rich structures, the Al-Cu
phases were claimed to be formed by solid-state diffusion, which was facilitated by the
extremely high strain rates reached during the process. A close relation between the
amounts of CugAl, intermetallic phase and Cu(Al) solid-solution was found to exist
(fitting analysis of the X-ray diffraction patterns), which supported the formation of
CugAls by mechanical integration of aluminium in copper. In good agreement with
these authors, solid-state diffusion governing the formation of Al-Cu intermetallic
phases during FSW was also claimed by Liu et al. (2011), Genevois et al. (2011) and
Avettand-Fenoél et al. (2012). Specifically, the maximum welding temperature
registered by Liu et al. (2011) was found to be well below the lowest temperature of
liquidus in the Al-Cu system (eutectic temperature), which corroborated the absence of
liquation. Beyond the extreme plastic deformation, whose effect was reported by all the
authors mentioned above, the thinness of the aluminium and copper mixing lamellae
and the grain refinement experienced in the nugget were also pointed by Liu et al.
(2011) to further facilitate the Al-Cu interatomic diffusion, increasing the kinetics of
intermetallic phases’ formation under fairly low temperatures and short holding times at

high temperature.
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Table 16 - Studies addressing intermetallic phases’ formation phenomenon in Al-Cu FSW.

Study Base Phases Formation

Materials Phenomenon Key highlights

Formation of low melting temperature
aluminium-rich phases by constitutional
liquation;

Copper-rich CugAl, phase formed by a
solid-state mechanical mixing-based
phenomenon;

Ouyang et al. AA 6061 Constitut. liquation;
(2006) Pure copper  Solid-state diffusion.

Arising of localised regions with increased
potential for the formation of intermetallic
phases.

Formation of both the Al and Cu-rich
intermetallic phases governed by a
thermomechanically-activated  solid-state

Gal | AA 5083 diffusion phenomenon;
alvédo et al. . e
(2011) Copper-DHP Solid-state diffusion.  cjose relation in the amounts of CusAl,

intermetallic phase and Cu(Al) solid-
solution supporting the formation of CugAl,
by mechanical integration of aluminium in
copper.

High strain rates reached during welding
facilitate the interatomic diffusion, under
low temperature and short holding times at

Solid-state diffusion. ~high temperature;
Thin Al-Cu laminae and the fine grain

structure formed in the nugget further
facilitate the interatomic diffusion.

Liu et al. AA 5052
(2011) Pure copper

Strong plastic deformation imposed on

Genevois et al. AA 1050 . e copper and aluminium facilitates atomic
(2011) Pure copper Solid-state diffusion. interdiffusion even under low Al-Cu

mixing conditions.

Avettand-Fenoél et AA 6082 . e Increased influence of material flow on
Solid-state diffusion. . . R .
al. (2012) Pure copper intermetallic phases’ formation.

3.5.3 - Weld’s Intermetallic Content and Phases’ Kinetics of Growth

Some recent investigations have been focused on understanding the intermetallic
content of the AI-Cu friction stir welds in light of the kinetics of growth of the
intermetallic phases during the process. The preferential nucleation of some

intermetallic phases in specific zones of the welds, or under particular welding
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conditions, has been particularly emphasised. Published works addressing this issue are
resumed in Table 17.

According to Galvao et al. (2011, 2012a) works, both in Al-Cu butt welding, the
preferential nucleation of a specific intermetallic phase is governed by three factors, i.e.
the primary chemical composition of the mixing volume (aluminium-rich or copper-
rich), the stirring action of the tool and heat-input conditions experienced during
welding, which, in turn, were found to depend strongly on the tool design and the
rotation and traverse speeds. Specifically, in these works, the intermetallic phase CuAl,
was predominantly detected over the surface and in the nugget of welds produced with
conical and scrolled tools, respectively. In light of the flow mechanisms characterised
by Galvédo et al. (2010), the formation of this phase was inferred to occur inside the
under-shoulder mixing volume, during welding with the conical tool, and inside the
shear layer surrounding the pin, during welding with the scrolled tool. Both mixing
volumes were found to have a common characteristic, i.e. their aluminium-rich primary
composition. On the other hand, the CugAl, intermetallic phase, which was
predominantly identified in the nugget of welds produced with the conical tool, was
inferred to be exclusively formed into the copper-rich shear layer of these welds. The
increased temperature and plastic deformation reached in the shear layer were also
found to agree well with the exclusive formation of this phase, whose nucleation is less
favourable from a thermodynamic-kinetic viewpoint than CuAl,, inside this zone.
Moreover, much larger amounts of CugAl, were found to compose the nugget of welds
produced under higher stirring and heat-input conditions, which resulted from increased
formation of this phase through the consumption of copper, aluminium and aluminium-
rich phases.

Contrary to the previous authors, Avettand-Fenoél et al. (2012), in Al-Cu butt
joining, did not notice formation of CugAl, intermetallic phase only inside the copper-
rich mixing volumes. The formation of this phase was also found to occur in some
aluminium-rich volumes, although the primitive chemical composition of the mixing
volumes and the thermodynamic-kinetic driving forces for precipitation favoured the
formation of CuAl,. According to the authors, two factors governed the preferential
nucleation of CugAly, i.e. the higher relaxation of local residual stresses promoted by the
formation of this phase and its wider solubility range (the kinetics of growth of an

intermetallic phase increases with its composition range).
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The factors governing the preferential formation of CugAls in the copper-rich
mixing volumes, instead of other copper-rich intermetallic phases, such as CuAl,
CusAls, whose formation was favoured by the thermodynamic-kinetic driving forces for
precipitation, was also investigated by Avettand-Fenocél et al. (2012). The nucleation of
CuAl and CusAl; was claimed to be hampered by both their higher aluminium content
and, similar to that referred above, their narrower compositional range. A brief
reference to this aspect had also been previously made by Genevois et al. (2011), in Al-
Cu butt welding. However, as opposed to that argued by Avettand-Fenoél et al. (2012),
these authors advocated the first nucleation of CuAl and its subsequent transformation
into CugAl, during cooling.

Table 17 - Studies addressing phases’ kinetics of growth in Al-Cu FSW.

Base Joint o
Study Materials Conf. Key highlights
Preferential nucleation of an intermetallic phase governed by
the primary chemical composition of the mixing volume and
the stirring/heat-input conditions experienced inside it;
CuAl, phase formed inside the Al-rich mixing volume at the
Galvio et al. AA 5083 Butt under-shoulder cavity of conical shoulder tools;
(2011) Copper-DHP CusAl, phase formed inside the Cu-rich shear layer
surrounding the pin of conical shoulder tools;
Increasing formation of CuyAl, under increasing stirring/heat-
input conditions by the consumption of copper, aluminium
and aluminium-rich phases.
Genevois et al. AA 1050 gutt  Transformation of CuAl into CusAl, during the temperature
(2011) Pure copper decrease.
Preferential nucleation of an intermetallic phase governed by
. the primary chemical composition of the mixing volume and
Galvao et al. AA 5083 Butt  the stirring/heat-input conditions experienced inside it;
(2012a) Copper-DHP . )
CuAl, phase formed inside the Al-rich shear layer
surrounding the pin of scrolled shoulder tools.
CugAl, intermetallic phase formed inside both the Cu-rich
and some localised Al-rich mixing volumes;
Relaxation of local residual stresses and wide compositional
Avettand-Fenoél AA 6082 gutt | 'ange of CuAl, favour the formation of this phase in Al-rich
etal. (2012) Pure copper volumes;

Formation of CuAl and CusAl; in copper-rich volumes
hampered by their high aluminium content and narrow
compositional range.
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Overall remarks on aluminium-copper phases’ formation phenomenon

The formation of intermetallic phases in Al-Cu FSW is being increasingly more
explored. Important conclusions have been reached on the mechanisms governing the
formation of these phases, especially in which concerns to their thermomechanical
nature. The intermetallic content of the welds, which is established to depend on the
material flow mechanisms, the thermomechanical conditions experienced during the
process and the structural properties of the AI-Cu phases, is also becoming better

characterised.

3.6 - WELD HARDNESS

Hardness measurements may provide important information concerning the
metallurgical and thermomechanical phenomena occurring during welding. The main
aim of current section is to conduct an in-depth literature-based characterisation of
hardness in Al-Cu FSW. The relation between weld hardness and microstructure is
particularly emphasised.

The major phenomena governing hardness in Al-Cu friction stir welds vary
significantly according to the microstructural zones of the joints, i.e. the HAZ and
TMAZ. Although no deep investigations have been conducted on the microstructure of
Al-Cu welds HAZ, the factors governing the hardness in this zone are well-established
in light of the extensive research conducted in similar FSW of aluminium and copper.
Thermal-imposed variations in grain structure and substructure (recovery and/or grain
growth), for non-heat-treatable aluminium alloys and pure copper, and changes in
structure and density of strengthening precipitates (coarsening and/or dissolution), for
heat-treatable aluminium alloys, are the microstructural phenomena governing the
hardness of Al-Cu welds HAZ, for which softening is extensively noticed (Ouyang et
al., 2006; Xue et al., 2010, 2011b; Sarrafi et al., 2011; Bisadi et al., 2013; Tan et al.,
2013). Even so, some reports of hardness even-match in the HAZ also exist, which is
easily explained by the strong scattering existing in the welding conditions studied in
Al-Cu FSW literature (Genevois et al., 2011; Liu et al., 2011; Akbari et al., 2013).
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As opposed to the HAZ, the hardness in Al-Cu welds TMAZ is not predominantly
governed by changes in aluminium and copper microstructure. TMAZ hardness,
specifically in the nugget, is essentially governed by the formation of Al-Cu
intermetallic phases, whose hardness far exceeds that of the welded materials (Rabkin et
al., 1970; Wulff et al., 2004). Actually, from Table 18, which displays a compilation of
TMAZ hardness peaks reported in Al-Cu FSW literature, it can be observed that the
maximum hardness values noticed in the TMAZ were predominantly registered in the
Al-Cu interaction patterns with intermetallic content. Nevertheless, few exceptions are
also displayed in the table, which correspond to welds in which very incipient formation
of intermetallic phases was found to occur. In these particular cases, the effect of the
hard intermetallic phases on TMAZ hardness was prevented.

Regarding the most common scenario, TMAZ maximum hardness is found to
vary strongly according to the structural properties of the Al-Cu interaction patterns.
From the table it can be observed that the interaction features with higher intermetallic
content, such as the solidified intermetallic structures noticed by Ouyang et al. (2006)
and the homogeneous mixtures registered by Galvéo et al. (2010), display much higher
hardness values than the AI-Cu patterns with increased heterogeneity and lower
intermetallic content, such as the lamellar intercalated features noticed by Ouyang et al.
(2006), Liu et al. (2011), Galvao et al. (2012c) and Tan et al. (2013) and the composite-
like structures noticed by Xue et al. (2010, 2011b). Even so, it should be noted that the
lowest hardness peaks were registered in the composite-like structures, which agrees-
well with both the lower amounts, and increased scattering, of intermetallic phases in
these structures. It can be concluded that the homogeneity and the intermetallic-content
of the interaction patterns have strong influence on the maximum hardness reached in
the Al-Cu welds.

Unlike to most authors, the maximum hardness values reported by Genevois et al.
(2011), Xia-wei et al. (2012) and Galvdo et al. (2013) were not registered in Al-Cu
interaction patterns. According to Table 18, the values noticed by Genevois et al.
(2011) and Xia-wei et al. (2012), which were registered in deformed and refined copper
zones, respectively, are slightly lower than those registered by Xue et al. (2010, 2011b)
in the composite-like structures, which agrees well with the absence of noticeable
amounts of intermetallic phases in the TMAZ of these welds. On the other hand, much
higher hardness values were noticed by Galvao et al. (2013) in the stirred aluminium

region of AA 5083/copper welds. The impressive hardness overmatch reported by these
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authors, which was significantly higher than that usually reported in aluminium FSW or
friction stir processing (FSP), resulted from the formation of nano-structured aluminium
layers during welding, representing an important result aiming the production of high-

strength welds.

Table 18 - TMAZ hardness peaks in Al-Cu FSW literature.

) TMAZ Maximum Hardness
Study Base Joint

Matris  Con. pescvalue () MeninE Zone'

AA 6061 Solidified intermetallic  phases
Ouyang et al. (2006) Pure copper Butt 760 (CuAl dendrites).
AA 5083 701° Homog. mixtures (CugAl,-rich).
Galvéo et al. (2010) Butt . )
Copper-DHP 5182 Homog. mixtures (CuAl,-rich).
AA 6061
Ouyang et al. (2006) Butt 178 Intercalated lamellae.
Pure copper
Liu et al. (2011) AA 5052 Butt 135 Intercalated lamellae.

Pure copper

AA 6082
Galvéo et al. (2012c) Butt 312 Intercalated lamellae.
Copper-DHP

5A02 alum.
Tan et al. (2013) Pure copper Butt 195 Intercalated lamellae.

AA 1060 -
Xue et al. (2010) Pure copper Butt 126 Composite-like structures.

AA 1060
Xue et al. (2011b) Pure copper Lap 130 Composite-like structures.

AA 1050

Genevois et al. (2011) Butt 125 Deformed copper layer.

Pure copper
. i AA 1350 . .

Xia-wei et al. (2012) Butt 120 Refined copper region.

Pure copper
. AA 5083 L

Galvéo et al. (2013) Lap 215 Nano-structured aluminium layer.

Copper-DHP

a - The hardness values were registered in the TMAZ of two welds achieved with distinct welding
conditions.
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Overall remarks on weld hardness

The hardness of the AI-Cu friction stir welds has been significantly explored in
literature. Important relations between weld hardness and microstructure have been
established. The intermetallic content and the homogeneity of the AI-Cu interaction
structures are well-supported to be the major factors governing the hardness values
reached in the welds. The strong overmatch recently achieved in intermetallic-free
welds by ultra-refining the microstructure of the welded materials is a prominent result,

which will surely impact on Al-Cu FSW development.

3.7 - WELD MECHANICAL STRENGTH AND DUCTILITY

The effectiveness of FSW in aluminium to copper joining is strongly dependent on its
ability to provide welds with increased strength and ductility. A literature-based
overview of AIl-Cu friction stir welds behaviour in tensile and bending testing is
displayed in Table 19. According to the table, failure in the TMAZ was noticed in most
of the studies. Severe material discontinuities and/or extensive amounts of intermetallic
phases were reported by the authors, such as Abdollah-zadeh et al. (2008), Firouzdor
and Kou (2012) and Bisadi et al. (2013), in Al-Cu lap welding, and Avettand-Fenoél et
al. (2010), Liu et al. (2011), Xue et al. (2011a), Galvéo et al. (2012c) and Tan et al.
(2013), in Al-Cu butt welding, to be the causes governing the premature failure of the
welds, both in tensile and bending testing. Additionally, hook-promoted thinning was
also pointed by some authors, such as Bisadi et al. (2013), to further limit the
mechanical behaviour of Al-Cu lap welds.

Two distinct fracture modes were predominantly noticed in literature for the
TMAZ-failed welds, i.e. brittle and decohesive fracture (Table 19). Brittle fracture was
essentially reported for welds with high intermetallic content (Liu et al., 2011,
Firouzdor and Kou, 2012; Bisadi et al.,, 2013). In turn, decohesive failure was
predominantly reported for welds in which incipient base materials interaction was
noticed, and consequently, severe metallurgical discontinuities were formed (Avettand-
Fenoél et al., 2010; Galvao et al., 2012c; Tan et al., 2013). However, as opposed to most

authors, Galvédo et al. (2012c) also reported decohesive failure for welds in which
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extensive base materials mixing and brittle phases’ formation were found to take place.
According to them, failure was promoted by metallurgical discontinuities identified at
the interface of the intermetallic-rich and the base material layers, which resulted from
the strong differences in physical and mechanical properties of the base metals and the
Al-Cu phases. This was a very innovative finding, which evidences that the harmful
effect of intermetallic phases’ formation on the mechanical performance of the Al-Cu
welds is not restricted to their brittleness. It is also important to note that, although
decohesive and brittle fracture were the prevalent failure modes in the welds, ductile
features were noticed by some authors, such as Galvao et al. (2012c), Bisadi et al.
(2013) and Tan et al. (2013), in the fracture surfaces of some welds, which resulted
from the propagation of the failure over some localised regions of aluminium and
copper.

Table 19 also shows that mechanical failure outside TMAZ, specifically in the
HAZ or in the base material (BM), was very occasionally noticed in tensile testing. In
fact, it was exclusively reported by a small number of authors, such as Abdollah-zadeh
et al. (2008), Xue et al. (2011b), Firouzdor and Kou (2012), in Al-Cu lap welding, and
Xue et al. (2011a), in Al-Cu butt joining, for a very limited range of welding conditions.
Moreover, no relations with base material strength and ductility (efficiency values) were
provided by most of these authors, which prevents more supported conclusions
regarding the mechanical performance of the welds to be drawn. According to
Abdollah-zadeh et al. (2008), the key factor to improve the performance of the welds
was to prevent both the severe discontinuities and the extensive amounts of Al-Cu
phases formed under very low and very high heat input conditions, respectively. In turn,
TMAZs with intermetallic-reinforced microstructures and good metallurgical bonding at
the Al/Cu interfacial zones were claimed by Xue et al. (2011a, 2011b) to be an essential
requirement to achieve welds with increased strength. Finally, according to Firouzdor
and Kou (2012), mechanical performance of Al-Cu lap welds was possible to be
improved by welding with a non-conventional joint configuration, which maximised

similar bonding and minimised Al-Cu interaction.
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Table 19 - Literature-based overview of tensile and bending testing in Al-Cu FSW.

Fracture Characteristics

Study Base Joint
Materials  Conf. Zone Initiation Site Mode
Tensile Testing
TMAZ Intermetallic layers; NR
Abdollah-zadeh et al. AA 1060 Lap Material discontinuities.
(2008) Pure copper
BM s e
- 8 AA 6082
Avettand-Fenoél et al Butt TMAZ Material discontinuities. Decohesive
(2010) Pure copper
. AA 5052 . .
Liuetal. (2011) Butt TMAZ Intermetallic layers. Brittle
Pure copper
Intermetallic layers;
AA 1060 TMAZ . L NR
Xue et al. (2011a) Butt Material discontinuities.
Pure copper
HAZ s s
AA 1060
Xue et al. (2011b) Lap HAZ s
Pure copper
Firouzdor and Kou  AA 6061 L TMAZ Intermetallic layers. Brittle
ap
(2012) Pure copper HAZ e
5A02 Al o N Decohesive
Tan et al. (2013) Butt TMAZ Material discontinuities. .
Pure copper (Ductile)
Intermetallic layers; .
L AA 5083 . o Brittle
Bisadi et al. (2013) Lap TMAZ Material discontinuities; .
Pure copper (Ductile)
Hook structure.
Bending Testing
AA 1060 a Intermetallic layers;
Xue et al. (2011a) Butt TMAZ . I NR
Pure copper Material discontinuities.
. AA 6082 Intermetallic layers; Decohesive
Galvéo et al. (2012c) Butt TMAZ . N .
Copper-DHP Material discontinuities. (Ductile)

NR - Non-referred.

a - Most of the welds failed at the TMAZ during bending testing.
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Overall remarks on weld mechanical strength and ductility

Substantial research has been devoted to the study of the mechanical properties of the
Al-Cu friction stir welds. It is well-established that the mechanical success of the welds,
which is still far from being achieved consistently, is mostly conditioned by the
formation of material discontinuities and extensive amounts of intermetallic phases in
the TMAZ. Specifically, the detrimental effect of Al-Cu phases on weld mechanical
properties was recently found to go beyond the brittle nature of these compounds, which

represents an important advance in this field.
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4 - INVESTIGATION OUTPUTS AND FUTURE RESEARCH

Current section has the purpose of presenting the conclusions drawn from the global

research as well as directions for future investigation on Al-Cu friction stir weldability.

4.1 - INVESTIGATION OUTPUTS

A detailed and comprehensive investigation, aimed to analyse the friction stir
weldability of aluminium to copper, was conducted in this work. The following

conclusions were reached:

e The material flow mechanisms in Al-Cu FSW are strongly influenced by the

shoulder geometry and the relative positioning of the base material plates.

- Through-thickness materials mixing and periodic material deposition at the
trailing side of the tool occurs during welding with scrolled shoulder tools. On
the other hand, during welding with conical shoulder tools, the formation of an
intermetallic-rich bulk around the tool constrains base materials mixing to the
upper half of the plates’ thickness and prevents a regular deposition of the

material.

- Strong base materials interaction, and consequently, extensive formation of
intermetallic phases, is promoted by placing the copper alloy at the advancing
side of the tool. In turn, significant material expulsion from the joint and
incipient Al-Cu mixing occurs during welding with the reverse positioning of

the plates, resulting in welds with very irregular morphology.

e The intermetallic content of the AI-Cu weld surface is the key factor affecting
surface finishing, being strongly dependent on the shoulder geometry, but insensitive
to the tool rotation and traverse speeds. Actually, regardless of the rotation and
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traverse speeds, irregular surfaces, with high intermetallic content, are formed in the
welds produced with conical shoulder tools. As opposed to this, the surfaces of the
welds produced with scrolled shoulder tools are very smooth, regular and

intermetallic-free.

e The structural and morphological properties of the Al-Cu weld nugget are strongly
influenced by the shoulder geometry and the tool rotation and traverse speeds.

- The AI-Cu interaction patterns formed in the nugget of the welds produced
with scrolled shoulder tools display higher intermetallic content and higher
homogeneity, both in morphology and phase content, than those formed in the
nugget of the welds produced with conical shoulder tools.

- Patterns with larger dimension, higher intermetallic content and increased
homogeneity are formed, in the nugget of the welds produced with the conical

tools, for increasing values of rotation to traverse speed ratio.

e A thermomechanically induced solid-state diffusion phenomenon governs

intermetallic phases’ formation during AI-Cu FSW.

e The preferential nucleation of a specific intermetallic phase during Al-Cu FSW is
governed by three factors - the primary chemical composition of the mixing volume,
the stirring action of the tool and the heat-input conditions experienced during
welding. These factors are strongly dependent on the shoulder geometry and tool

rotation and traverse speeds.

- The formation of CuAl, occurs predominantly inside the aluminium-rich
under-shoulder mixing volume, during welding with conical tools, and inside
the aluminium-rich shear layer surrounding the pin, during welding with
scrolled tools. Thus, this phase is predominantly found over the surface of the
welds produced with conical shoulder tools and in the nugget of the welds
produced with scrolled shoulder tools.

- The formation of CugAl, intermetallic phase essentially occurs inside the
copper-rich shear layer of the welds produced with conical tools. Accordingly,

CugAl, is predominantly found in the nugget of these welds. For increasing
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values of rotation to traverse speeds ratio, much larger amounts of CugAl, are

formed.

e The spindle torque registered in Al-Cu FSW is highly sensitive to the formation of
intermetallic phases and to the volume of material dragged by the tool at each
revolution. Specifically, the formation of intermetallic phases has increased influence
on the torque registered during dissimilar welding with the copper plate positioned at
the advancing side of the tool. In turn, the volume of material dragged by the tool has
strong effect on the torque registered during welding with the reverse positioning of

the plates.

e Tool offset towards the aluminium side is a very suitable strategy to achieve
excellent surface finished AI-Cu welds since it contributes for reducing the
intermetallic content of the weld surface. However, this strategy is not effective to
improve Al-Cu friction stir weldability, because it does not enable the achievement

of desirable weld strength.

e The harmful effect of intermetallic phases’ formation on the mechanical performance
of the Al-Cu welds is not restricted to their brittleness. Actually, severe metallurgical
discontinuities are formed at the interface of the intermetallic-rich layers and the
aluminium and copper volumes, resulting from the strong differences in physical and

mechanical properties of the base metals and the Al-Cu phases.

e The aluminium alloy type has strong influence on the Al-Cu friction stir weldability.
The mechanical behaviour of the aluminium alloys, under the extreme conditions of
temperature and plastic deformation occurring during welding, is a factor with major
impact on the Al-Cu FSW results.

e Nano-structured aluminium regions are possible to be formed in the nugget of AA
5083/copper friction stir lap welds by using low heat-input conditions during

welding. Impressive hardness increase is reached in these structures.
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4.2 - FUTURE RESEARCH

Sound AI-Cu friction stir welds, with excellent surface finishing and good mechanical
properties, are still far from being achieved consistently. As evidenced in current work,
the important differences in physical and mechanical properties of both base metals, as
well as their high chemical affinity, hamper the achievement of a suitable window of
welding parameters, which enables proper material flow around the tool and,
simultaneously, avoids the formation of extensive amounts of intermetallic phases
during welding. Actually, aluminium to copper joining by FSW remains a demanding
challenge, still requiring extensive research. Future works on AIl-Cu friction stir

weldability should essentially be focused on non-conventional FSW strategies, such as:

e Development and testing of innovative joint configurations, such as step and wedge-
shaped joint geometries, in order to reduce the shoulder-governed Al-Cu mixing,
providing intermetallic-free weld surfaces, and to enable proper pin-governed base
materials interaction, avoiding the formation of severe discontinuities in the pin

influence zone;

e Optimization and testing of stationary shoulder tools, enabling the minimisation of

the shoulder-governed heat generation and base materials interaction;

e Testing the use of base materials interlayers, acting as intermetallic phases’

formation inhibitors and material flow facilitators.
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Material flow in heterogeneous friction stir
welding of aluminium and copper thin sheets

I. Galvao*, R. M. Leal, A. Loureiro and D. M. Rodrigues

The aim of this investigation was to study material flow during dissimilar friction stir welding of
AA 5083-H111 to deoxidised high phosphorus copper plates of 1 mm thickness. The welds were
performed using different tool geometries and welding parameters. The positions of the copper
and aluminium plates, relative to the advancing and retreating sides of the tool, were also
changed. It was found that the tool geometry and relative position of the plates deeply influence
the morphology of the aluminium and copper flow interaction zones, influencing the distribution of
both materials in the weld and the formation of intermetallic compounds. The material
accumulated under the tool during welding was found as another important aspect determining

weld morphology.

Keywords: Aluminium, Copper, Welding tool, Material flow

Introduction

Joining dissimilar materials, such as aluminium and
copper (Al/Cu) or aluminium and steel (Al/Fe-C), is of
great interest in engineering and design applications.
Nevertheless, fusion welding of materials with very
different melting temperatures and high chemical affinity
at elevated temperatures, which gives rise to the for-
mation of brittle intermetallic compounds, makes such
joining very difficult and the quality of the welds very
poor. In this context, friction stir welding (FSW), which
enables the joining of materials at temperatures lower
than their melting temperatures, is a promising technol-
ogy for joining metals with very different chemical and
physical properties." However, the use of the process in
this type of application is not fully explored, and there
are several issues that still require extensive research,
such as the development of accurate welding procedures
and, for the case of Al/Fe-C joining, the development of
adequate FSW tool materials.” Since the main issues
regarding the weldability of Al/Cu and Al/Fe—C systems,
such as the mixture of both base materials in the solid
state and the formation of brittle intermetallic com-
pounds, are common to both dissimilar systems and
because the joining of aluminium to copper does not
require the production of tools from very expensive
materials, this system is considered very interesting for
research purposes. However, the limited data already
published concerning FSW of aluminium to copper
highlight the extremely high difficulty in obtaining welds
absent of defects and the scarcity of results regarding the
joining of very thin plates.* As a matter of fact,
obtaining non-defective welds in very thin plates, with
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excellent surface finishing and plastic properties, which
makes them able to be processed by plastic deformation,
represents an additional challenge in the application of
this process.

In FSW research, the study of metal flow around the
tool during welding is very important to improve
process productivity and weld properties. Flow visuali-
sation studies have already been conducted by several
authors using different techniques: introducing marker
materials into the weld line, using etching contrast to
enhance the flow patterns in the weld, welding dissi-
milar materials and performing numerical simulation
studies.® " Despite the limitations associated with all
the techniques used, which are well documented in the
literature, the main metal flow mechanisms have already
been established, being found that vertical, straight
through and rotational flows of plasticised material take
place in the vicinity and around the tool, dragging the
bulk of the stirred material to a final position behind its
original position. In the wake of the weld, behind the
travelling tool, material deposition takes place layer by
layer, resulting in the formation of the banded structure
of the nugget. Variations in tool geometry and/or plate
thickness do not change the main flow mechanisms, but
greatly influence the amount of material dragged by the
shoulder or by the pin, from the retreating and ad-
vancing sides of the tool, as well as the periodicity of the
deposition at the trailing side of the tool, which, in turn,
influences the final morphology of the weld. These
aspects can be deduced by comparing the results from
Leal ef al.,'" which studied the influence of the shoulder
geometry on material flow in dissimilar FSW of very
thin aluminium plates, with those from previous authors
working on FSW of thick plates.

Leal ef al.'' compared the material flow during FSW
using scrolled and conical shoulder tools. They reported
that, in FSW of very thin AA 5182/AA 6016 plates
(1 mm thick), the shoulder influence area extends
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through the entire plate thickness, for both types of
tools. They also observed material transported by the
shoulder from the advancing to the retreating side, all
around the tool, when using the scrolled geometry. For
the conical geometry, they observed that the shoulder
action depth was different at the leading and trailing
sides of the tool. Ahead of the pin, the shoulder
influence area extends throughout the thickness, encom-
passing the pin influence area and causing, at each
rotation, layers of the advancing side material to enter a
shear layer surrounding the pin. At the rear of the probe,
the shoulder influence area is restricted to the top of the
weld, promoting the transport of the retreating side
material to the advancing side of the tool, where it also
enters in the inner shear layer surrounding the pin.

An analysis similar to that performed by Leal et al.'!
was conducted during the present study, in order to
characterise the material flow mechanisms during join-
ing of materials with very different chemical, mechanical
and physical properties. Namely, the influence of the
tool geometry and welding parameters on material flow
during dissimilar FSW of 1 mm thick plates of 5083-
H111 aluminium alloy to deoxidised high phosphorus
(DHP) copper was analysed.

Experimental

Materials and welding process

In the present study, 1 mm thick plates of oxygen free
copper with high phosphorous content (Cu-DHP, R240)
and 5083-HI111 aluminium alloy (AA 5083-H111) were
friction stir butt welded. Four types of welds were
performed between the base metals using tools with two
different shoulder geometries [conical and scrolled
(Fig. 1)] and varying welding parameters (traverse and
rotation speeds) in an ESAB LEGIO FSW 3U
apparatus. Henceforth, in the text, the welds will be
labelled C (conical series) or S (scrolled series) according
to the tool used in their production. In the C series of
welds, a 14 mm diameter conical tool with a 3° shoulder
cavity and a 3 mm diameter cylindrical probe was used.
In the S series welds, a tool with a 14 mm diameter
scrolled shoulder and a 3 mm diameter cylindrical probe
was used. The tilt angles were 2° for the conical tool and
0-5° for the scrolled shoulder tool. The C series welds
were performed under load control (700 kg), and the S
series welds were carried out under position control,
with 0-05 mm penetration depth.

Table 1 displays the full set of welding conditions
considered in this study. With reference to the testing
conditions, the nomenclature adopted in the text to
classify the welds of each series will identify the
rotational and welding speeds used, as well as the
material positioned at the advancing side of the tool.
Thus, the C_1000_16_Cu weld is a C series weld
performed with the conical tool, having rotational and
welding speeds of 1000 rev min~' and 160 mm min !
respectively and with the copper plate positioned at the
advancing side of the tool. When the aluminium alloy
was positioned at the advancing side of the tool, the last
two alphabets in the nomenclature will be Al, as shown
in Table 1.

Equipments, techniques and methods

After welding, qualitative and quantitative macroscopic
inspections of the weld surfaces were performed by
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1 Scrolled tool

means of visual inspection and image data acquisition
respectively using ARAMIS optical analysis equipment.
Transverse and horizontal cross-sectioning of the welds
was also performed for metallographic analysis. The
samples were prepared according to standard metallo-
graphic practice and differentially etched in order to
enable the identification of the different materials in the
weld. ‘Modified Poulton’s reagent’ was used to enhance
the aluminium and a solution of 5 mL H,O5 in 50 mL
NH4OH to enhance the copper. Metallographic analysis
was performed using a Zeiss HD 100 optical microscope
(Carl Zeiss Inc., Jena, Germany) and a Zeiss magnifier.
Microhardness measurements were performed using a
Shimadzu microhardness tester (Shimadzu Corp.,
Kyoto, Japan), with 200 g load and 15 s holding time.
The elementary chemical composition (Al/Cu) was
determined using electron probe microanalysis in a
Cameca Camebax SX50 apparatus (Cameca,
Gennevilliers, France). Finally, XRD analysis was
performed using a PANalytical X’Pert PRO X-ray
diffractometer (PANalytical, Almelo, The Netherlands).

Results

Scrolled weld series

Results of the macroscopic inspection of the S-750_
16_Cu weld are shown in Fig. 2. Specifically, Fig. 2a
shows a picture of the weld crown, and Fig. 25 shows an
image of the same surface, but acquired with an image
system that enables the variations in depth inside the
weld to be determined. Thus, on the scale at the right
side of Fig. 2b, z=0 corresponds to the base material
plate surface, the negative values in the scale correspond
to points inside the weld from which material was
removed and the positive values correspond to points
inside the weld where material was accumulated. As
illustrated in Fig. 2a¢ and b, the S-750_16_Cu weld

Table 1 Welding parameters used to produce the welds
w, rev v, mm Advancing
Weld min~" min~" side metal
S_750_16_Cu 750 160 Cu-DHP
C_1000_16_Cu 1000 160 Cu-DHP
C_750_16_Al 750 160 AA 5083
C_1000_25_Al 1000 250 AA 5083
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[mm]

2 a crown appearance and b thickness spectrum of S weld

displayed good appearance with highly localised surface
irregularities, not exceeding 0-2 mm in depth, which
indicates some homogeneity in material deposition at
the weld surface.

Figure 3 shows a transverse cross-section of the S-
750_16_Cu weld in which the pin and shoulder influence
zones are identified. A tongue of grey material going
upwards through the advancing side of the weld is
clearly visible in this cross-section. A similar weld
feature was observed by Leal er al'' in AA 6016/
AA 5182 dissimilar welds performed with the same type
of tool. Magnifications of the weld features indicated in
Fig. 3 by two red rectangles are shown in Fig. 4. These
pictures show that the grey tongue in the Al/Cu weld is
surrounded by copper and that inside the pin influence
area, at the right side of the tongue, there is a clear
interface between the two base materials. The very high
hardness values displayed in Fig. 4a show the extreme
brittleness of the grey tongue.

Chemical analysis, followed by XRD, indicated that
the tongue resulted from intense Al/Cu mixture, which
led to the formation of large amounts of intermetallic
compounds, namely, large amount of CuAl, and some
CugAly. On the other hand, the chemical and XRD
analysis also showed that no material mixing or
intermetallic formation occurred at the base material
interface displayed in Fig. 4b.

Figure 5 shows macrographs of four horizontal cross-
sections of the weld, sampling the zone near the final
hole left by the tool at 0-80, 0-71, 0-54 and 0-45 mm
from the weld root. The positioning of these sampling
planes relative to the weld thickness is indicated in
Fig. 4a. Analysing the 0-54 and 0-45 mm cross-sections,
as shown in Fig. 5¢ and d, it is possible to observe a
layer of grey material surrounding the hole left by the
pin, with deep cracks, which shows its extreme brittle-
ness. This inner layer is surrounded by copper, which,
according to the pictures, was dragged by the shoulder
from the advancing side of the weld, around the tool,
and it was extruded against the inner shear layer at the
back of the tool.

The aluminium alloy, which is the retreating side
material, is only dragged into the inner grey layer at the
top of the weld, as shown in Fig. 5S¢ and b. In these
pictures, it is possible to observe that the aluminium
alloy has been pushed towards the advancing side of the
weld, at the back of the tool, where materials from all
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the layers are pushed into the inner shear layer (1 in
Fig. 5a and b). These materials are mixed around the pin
and flow, from the top to the bottom of the weld, where
the mixture sloughs off in the wake of the weld after one
or more rotations, giving rise to the grey tongue visible
in the transverse section (2 in Fig. 5a and ¢). The copper
layer, which is dragged by the shoulder around the tool,
is extruded against the inner layer at the trailing side of
the tool (3 in Fig. 5¢). Finally, the aluminium, from the
retreating side (4 in Fig. 5¢), is extruded against the
copper layer giving rise to the interface shown in Fig. 4b.
It is important to emphasise that these flow mechanisms
are similar to those reported by Leal er al.'! in dissimilar
joining of very thin aluminium plates.

Conical weld series

Figure 6 shows results of the macroscopic inspection of
C welds, demonstrating that all the weld crowns are
formed of a thick layer of irregularly distributed
material. From Fig. 6b, it is possible to observe that
for the welds performed with the aluminium on the
advancing side (C-750_16_Al and C-1000_25_Al) large
amounts of material were dragged from the retreating
(blue areas, 0-45 mm deep) to the advancing side of the
tool, where it is accumulated (red areas). Figure 7 shows
transverse cross-sections of these welds, which demon-
strate that, independent of the welding parameters, the
copper is pushed from the retreating to the advancing
side of the weld, and the aluminium is expelled from the
under shoulder area, giving rise to massive aluminium
flash. The onion ring structure characteristic of the
welds performed with conical shoulder tools was not
formed in these cases. However, under the upper copper
layer, at the advancing side of the weld, a very small area
of aluminium lamellae with small copper particles
embedded on it is formed. XRD analysis indicated that
no material mixing or intermetallic formation occurred
in this lamellar structure.

Figure 8§ illustrates a transverse cross-section of the C-
1000_16_Cu weld performed with the copper plate at the
advancing side of the tool. As for the previous welds, the
weld nugget does not exhibit the classical onion ring
structure. The most important features of these welds,
outlined in the picture by red rectangles, are the presence
of an aluminium layer, which was pushed from the
retreating to the advancing side of the weld (1), a clear
boundary between the aluminium and copper at the
retreating side (2), inside the pin influence area, and

Shoulder Zone

Fig.4.a

3 Transverse cross-section of S-750_16_Cu weld
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a material tongue; b Al/Cu interface
4 Magnifications of zones signalised in Fig. 3

finally, the presence of a dark region extending from the
pin influence area to the advancing side of the weld (3).

Figure 9 shows a magnification of the dark region (3)
in Fig. 8. Since this picture was taken from the weld
without etching, the region displays grey and yellow
tones. The hardness measurements presented in the
figure and the presence of a crack in the region where the
highest hardness values were registered (700 HV0-2) are
indicative of great brittleness. A quantitative chemical
analysis inside the area indicated in Fig. 9 by a red
rectangle identified the presence of both copper and
aluminium, which indicates that this area resulted from
intense material mixing during welding. XRD analysis
identified CugAly in this weld zone.

Macrographs of four weld horizontal cross-sections
were registered after polishing, sampling the zone near
the final hole left by the tool at 0-74, 0-66, 0-61 and

Galvdo et al. Material flow in heterogeneous FSW of Al and Cu thin sheets

0-41 mm from the weld root. These are shown in
Fig. 10. The positioning of these sampling planes rela-
tive to the weld thickness is indicated in Fig. 9. From the
pictures, it can be concluded that the shoulder influence
area was restricted to the top surface of the weld, at the
rear of the tool, where it promotes the transport of
aluminium from the retreating to the advancing side of
the tool. In fact, in the 0-74 and 0-66 mm horizontal
sections (Fig. 10a and b), at the rear of the tool, mixed
and intercalated layers of aluminium and copper are
visible all across the shoulder influence area. On the
other hand, in front of the weld, only a very thin layer of
copper is visible, which was dragged from the advancing
to the retreating side of the weld, inside the pin influence
area. In the 0-61 mm horizontal section (Fig. 10c¢), the
quantity of aluminium dragged to the advancing side
diminishes drastically. In the lower plane, at 0-41 mm
(Fig. 10d), the probe is completely surrounded by
copper, and no signs of mixing are visible. Therefore,
the mixing of both base materials occurs in the upper
half of the plate thickness, in the under shoulder area,
giving rise to the dark region shown in Fig. 8. There
is also no onion ring structure discernible in this
Al/Cu weld.

The Al-Cu mixing area, at the upper middle thick-
ness, displays morphology with fluid-like patterns, as
can be seen by analysing Fig. 9. The analysis of the
material accumulated in the under shoulder cavity
during the process, which was collected at the end of
the welding operation (Fig. 11a), also showed fluid-like
patterns, as can be observed in Fig. 115. High hardness
values, of the order of those registered in the inter-
metallic structure of the welds (Fig. 9), were measured
for this material, as displayed in Fig. 115. XRD analysis
detected the presence of CugAly. The presence of this
intermetallic compound, which has a melting tempera-
ture of 1030°C,*'*!* much higher than the usual FSW
temperatures, suggests that an accumulation of solid
intermetallic occurs under the shoulder, with detrimental
effects on weld surface finishing, as shown in Fig. 6.

XRD analysis also showed that the upper weld layer,
as shown in Fig. 6a, has large amounts of CuygAl, and
CuAl. Since the CuAl, intermetallic phase has a lower

(}"f)!}p >

}

5 Horizontal cross-sections of S-750_16_Cu weld at a 0-80 mm, b 0-71 mm, ¢ 0-54 mm and d 0-45 mm from root
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6 a crown appearance and b thickness spectrums of C
welds

melting temperature than the FSW process temperatures
(=660°C),*1213 it is possible to assume that this
intermetallic will be in a fluidised or extremely plasti-
cised state during the welding operation. The accumula-
tion of intermetallic rich material in the under shoulder
cavity and the formation of a fluidised intermetallic
layer at the interface between the tool and the base
materials will prevent the formation of the solid
intercalated onion ring structure characteristic of the
conical shoulder welds.

Conclusions

This research showed that material flow mechanisms
during Al/Cu FSW are similar to those reported in
dissimilar aluminium welding, being strongly conditioned
by the shoulder geometry. However, in the particular case
of the Al-Cu welds performed with the conical shoulder,
a strong influence of base material positioning, relative to
the tool rotation direction, in the final weld morphology,
was also depicted. Namely, the welds performed with the
aluminium placed at the advancing side of the tool were
morphologically very irregular, being significantly thin-
ner and exhibiting flash formation due to the expulsion of
the aluminium from the weld area. According to the flow
mechanisms identified in the paper, during welding, the
retreating side material is dragged to the advancing side
by the shoulder, at the trailing side of the tool. This

Galvao et al.

material transport occurs at the top of the plates.
Therefore, when the copper alloy is located at the
retreating side of the tool, it will be transported by the
shoulder to the advancing side, where the aluminium
alloy is located.

Mechanical characterisation of the base materials
revealed that the aluminium alloy is much softer than
the copper alloy. Simultaneously, since the thermal
conductivity of the AA 5083 alloy is less than half of
that of the Cu-DHP, it is possible to assume that
thermal softening will be stronger for this material.
Therefore, under the temperature and loading condi-
tions developed in the process, the extremely soft
aluminium alloy will be pushed away from the under
shoulder area by the copper entering there at each
rotation. The aluminium, which is expelled, gives rise to
the flash displayed in Fig. 7 for the welds performed
with aluminium at the advancing side. No Al/Cu mixing
or intermetallic formation takes place under these
welding conditions.

On the other hand, when the aluminium is located at
the retreating side of the tool, it will be dragged by the
shoulder to the advancing side, where the harder copper
plate is located. The very soft aluminium alloy, which is
not able to push away the copper from the under
shoulder area, will be constrained inside the conical
shaped cavity under the shoulder, flowing downward, in
the vicinity of the pin, through the cavity, which is
formed due to tool traverse motion. Owing to tool
rotation, the aluminium is mechanically mixed in the
copper matrix giving rise to the intermetallic structures
detected in the XRD analysis, at the upper part of the
weld. Part of the Al/Cu mixture adheres to the tool, and
another part is expelled after some revolutions, giving
rise to the very irregular weld crowns displayed in Fig. 6
for the welds performed with the conical tool. The
formation of intermetallic structures in the under
shoulder area also avoids material mixing through the
entire plate thickness and the formation of the typical
onion ring structure.

In the case of the scrolled shoulder tool, the two
helical flutes (Fig. 1) force the material flow downwards,
around the pin, giving rise to through thickness material
mixing and periodic material deposition at the rear of
the tool, and consequently, very good internal and
surface weld morphology. However, the formation of a

Shoulder Zone

FPin Zone

Shoulder Zone

| Cu-DHP (Rtr. Side)

(b) Pin Zone

7 Transverse cross-sections of a C-750_16_Al and b C-1000_25 Al welds
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Shoulder Zone

| AA 5083 (Rar. Side)

8 Transverse cross-section of C-1000_16_Cu weld

9 Magnification of dark zone signalised in Fig. 8

c d

10 Horizontal cross-sections of C-1000_16_Cu weld at a 0-74 mm, b 0-:66 mm, ¢ 0-61 mm and d 0-41 mm from root

large volume of material with very brittle intermetallic was different for both types of welds, namely, the
structures has a very detrimental effect on final weld presence of large amounts of CugAly was detected for
strength, especially for very thin plates joining. the C welds, and CuAl, was detected for the S welds,
During the present study, it was also found that the which shows a deep relationship between material flow
nature of the intermetallics formed during the process = mechanisms and the formation of intermetallics.

a
11 a macroscopy and b microscopy of weld material accumulated under tool
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Formation and distribution of brittle structures
in friction stir welding of aluminium and
copper: influence of process parameters

I. Galvao, ). C. Oliveira, A. Loureiro and D. M. Rodrigues*

Morphological, metallographic and structural analyses of aluminium—copper dissimilar welds
produced under different friction stir welding conditions were conducted in order to analyse the
mechanisms of intermetallic phases formation, its relation with welding conditions and its
consequences in the weld structure and morphology. Under lower heat input conditions, only a
thin intermetallic layer distributed along the aluminium/copper interface was depicted inside the
nugget. Increasing the heat input promoted material mixing and formation of increasing amounts
of intermetallic rich structures. The intermetallic phase content and the homogeneity of the mixed
area increased with increasing heat input, evolving from structures containing Al, Cu, CuAl, and
CuoAl, to structures predominantly composed of CugAls and Cu(Al). In order to explain these
results, the mechanisms of intermetallic phases formation are discussed, taking into account the
process parameters and material flow mechanisms in friction stir welding. Important relations

between intermetallic formation and weld surface morphology were also found.

Keywords: Friction stir welding, Aluminium—copper, Welding parameters, Intermetallic phases

Introduction

The industrial application of the friction stir welding
(FSW) technology has been driven by its potential for
joining materials hardly weldable by traditional fusion
processes as well as for dissimilar welding of materials
with very different properties, such as aluminium to
copper.! Although some experiments in the FSW of
aluminium to copper have already been reported, suc-
cessful joining of these metals has not been achieved yet,
and several issues still require extensive research.

The different physical and mechanical properties of
the base materials as well as its chemical affinity make
mandatory the optimisation of the welding parameters
in order to provide adequate metal flow around the tool
and, simultaneously, to prevent the formation of a
large amount of brittle Al-Cu intermetallic compounds.
Murr et al.,”> who were the first to analyse Al-Cu friction
stir welds, focused their work on the study of the
microstructure and metal flow during dissimilar weld-
ing of 6 mm thick copper (99-9%) to 6061-T6 alumi-
nium. Their microstructural analysis allowed observing
complex intercalated microstructures, with vortices th-
roughout the weld zone, resulting from welded metals
overlapping. Some years later, Ouyang et al.> studied the
microstructure of 12-7 mm thick copper (99-9%) to
6061-T6 aluminium friction stir welds, detecting the

CEMUC, Department of Mechanical Engineering, University of Coimbra,
Rua Luis Reis Santos, Coimbra 3030-788, Portugal

*Corresponding author, email dulce.rodrigues @dem.uc.pt

© 2011 Institute of Materials, Minerals and Mining
Published by Maney on behalf of the Institute
Received 31 May 2011; accepted 27 June 2011

DOl 10.1179/1362171811Y.0000000057

Science and Technology of Welding and Joining 2011

presence of a mixed region with several intermetallic
compounds, such as CuAl,, CuAl and CuyAly. Ouyang
et al? also observed a high disparity of mechanical
properties in the nugget of the welds, specifically the
hardness, which varied between 136 and 760 HVO0-2.
More recently, Xue et al.* analysed 5 mm thick copper
(99-9%) to 1060 aluminium friction stir welds. The
authors observed in the nugget of the welds a bottom
zone with a composite structure, which was formed by
particles with different sizes dispersed in the aluminium
matrix. The particles, mainly composed of CuAl,
CugAly; and low amounts of CuAl, formed a local
composite structure with higher mechanical properties
than the aluminium base material. The formation of a
continuous, thin and uniform intermetallic layer at the
Al/Cu interface was also reported. This layer was
predominantly formed of CuAl, at the aluminium side
and CuoAl, at the copper side. Finally, Galvio et al.,’
Xue et al.® and Liu er al.” reported the extremely high
difficulty in producing non-defective Al-Cu welds with
suitable surface finishing by comparing welds produced
under different FSW conditions.

According to previous authors, the occurrence of
important flow defects, the poor surface finishing and
the formation of large amounts of brittle intermetallic
structures in the nugget are the main problems in Al-Cu
friction stir weldability. Comparing the data already
published concerning the FSW of aluminium to copper
also highlights the large scatter in welding results and
the lack of information concerning the influence of the
process parameters in intermetallic phase formation and
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3 Results of XRD analysis performed in nugget of a 1000_25, b 750_16 and ¢ 1000_16 welds

Table 1 Welding parameters used to carry out welds

Weld Rotational speed/rev min~" Traverse speed/mm min ! olv ratio/rev mm ™!
1000_25 1000 250 4-0

750_16 750 160 4.7

1000_16 1000 160 6-3
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4 Results of XRD analysis performed on surface of a 1000_25, b 750_16 and ¢ 1000_16 welds

its consequences in weld microstructure and morphol-
ogy. This was the main objective of the current study, in
which dissimilar friction stir welds of 1 mm thick plates
of Cu-DHP and AA 5083-H111 were analysed.

Experimental

In the present work, 1 mm thick plates of oxygen free
copper with high phosphorous content (Cu-DHP, R
240) and 5083-H111 aluminium alloy (AA 5083-H111)
were friction stir butt welded. The welds were performed

Science and Technology of Welding and Joining

between the base materials using different processing
parameters (varying traverse and rotation speeds) in an
ESAB LEGIO FSW 3U equipment. A 14 mm diameter
H13 steel tool with a 3° shoulder conical cavity and a
3 mm diameter cylindrical probe was used. The welds
were produced with no tool’s horizontal offset, under
load control (700 kg) and using a tool tilt angle of 2°.
Based on a previous study’ and in order to obtain the
most adequate metal flow around the tool, the harder
Cu-DHP plate was positioned at the advancing side of
the tool in all the welds.
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zones

Table 1 displays the welding conditions used in this
study. With reference to the testing conditions, the
nomenclature adopted in the text to classify the welds
identifies the rotational and welding speeds used. Thus,
weld 750_16 is a weld performed with the rotational and
welding speeds of 750 rev min~' and 160 mm min~'
respectively. The tool rotation/tool traverse speed ratio
/v, which is usually assumed as proportional to the
heat input during the welding process,®'? is also
presented in Table 1. The 1000_25 welding conditons
(w/v=4-0 rev mm ') will conduct to the lowest heat
input during welding and the 1000_16 to the highest heat
input (w/v=6-3 rev mm ).

After welding, qualitative and quantitative macro-
scopic inspections of the weld surface were performed
by visual inspection and image data acquisition using
the ARAMIS optical analysis equipment respectively.
The ARAMIS equipment enables to determine the
variations in depth, inside the weld, relative to the base
materials’ plate surfaces. Transverse cross-sectioning of
the welds was performed for metallographic analysis.
The samples were prepared according to standard
metallographic practice. Metallographic analysis was
performed using optical microscopy in a Zeiss HD 100
equipment. Scanning electron microscopy/energy disper-
sive X-ray spectroscopy (SEM/EDS) and micro-X-ray
diffraction (XRD) were performed in the cross-section
and on the surface of all the welds using a Philips
XL30 SE microscope and a PANalytical X’Pert PRO
microdiffractometer respectively. Fittings of the XRD
patterns were performed with the PROFIT Vlc
software from Philips Electronics using pseudo-Voigt
functions.

Weld morphology and structure

Results of the visual inspection of the weld surface are
shown in Fig. 1. From Fig. la, it is possible to conclude
that all the weld crowns are formed by a silver layer of
irregularly distributed material. Figure 15 shows areas
with significant accumulation of material (red areas) and
areas with severe material absence (blue areas), which
emphasises the strong discontinuity in material deposi-
tion during the process. This type of surface finishing,
which is usual in dissimilar aluminium to copper friction
stir welds®7!* but never observed in Al-Al or Cu—Cu

similar welds, constitutes one of the main concerns in
Al-Cu joining due to its detrimental effect in both weld
appearance and resistance.

Figure 2 displays optical macrographs of the tran-
sverse cross-sections of the welds and SEM images,
acquired in backscattered electron (BSE) mode, of
the selected weld areas. In order to facilitate the
analysis, the pin and shoulder influence areas are
indicated in each cross-section using vertical lines.
Comparing all the macrographs, two common fea-
tures can be observed: the presence of an aluminium
layer at the top of all the welds, which was pushed
from the retreating to the advancing side of the tool,
and the presence of copper at the bottom of the welds.
Despite these similarities, significant differences can
also be observed by comparing the different nugget
morphologies.

As shown in Fig. 2a, in the 1000_25 weld, which was
obtained under the lowest heat input conditions (w/
v=4-0 rev mm '), the base materials are completely
separated by a sharp and well defined interface at the
weld nugget. The low heat input did not provide enough
energy for material mixing, which resulted in an
interface morphology similar to that obtained by other
authors when performing friction diffusion bonding.'*
In the 750_16 weld (w/v=4-7 rev mm™'), shown in
Fig. 2b, a mixed region is observed, composed of bright
and dark zones, extending to the copper side of the pin
zone. The BSE image in Fig. 2¢, which was acquired
inside this area, displays complex mixing patterns
composed of layers of copper and aluminium alternated
with copper or aluminium rich mixed lamellae. In the
weld produced under the highest heat input conditions
(w/v=6-3 rev mm '), i.e. the 1000_16 weld (Fig. 2d), the
top aluminium layer is only visible in the upper right
part of the pin zone and is much thinner than in the
previous welds. In this weld, a large mixing area,
embedded in a copper matrix, is observed. The mixing
zone is much larger than in the previous welds,
extending out of the pin zone through both the alu-
minium and copper sides of the weld. Furthermore, the
BSE image in Fig. 2e¢, which was acquired in this mixing
area, shows an almost homogeneous mixture, in which
only copper and copper rich mixed structures are
discernible. It is important to note the presence of
a crack, which propagates along the mixing patterns,
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indicating the extreme brittleness of these structures.
Comparing all the welds in Fig. 2, it is possible to
conclude that increasing the heat input resulted in the
formation of mixed material zones with increasing
dimension and homogeneity.

The results of the XRD analysis performed in three
different locations of the weld nugget are shown in
Fig. 3. All the XRD patterns obtained in the 1000_25
weld nugget (Fig. 3a) show intense fcc Al and fec Cu
peaks corresponding to the aluminium and copper parts
of the nugget. Low intensity XRD peaks indexed to the
intermetallic compounds CuygAly, and CuAl, are also
detected (spectrum 2 in Fig. 3a). Although no important
Al-Cu mixing area has been depicted in the cross-section
of the nugget (Fig. 2a), Al was extruded against the Cu at
the top of the weld, giving rise to the formation of small
amounts of these intermetallic phases at the interface.
Once again, these results are very similar to that obtained
by other authors using friction diffusion bonding.'*

For the 750_16 weld (Fig. 3b), zones with base
material composition, mixing regions with significant
amounts of fcc Cu, fcc Al CugAly and CuAl, and
mixing areas only composed of fcc Cu and CugAly were
identified. This complex distribution of phases is in
accordance with the heterogeneous morphology of the
mixing structures already depicted in Fig. 2¢. Finally,
for the 1000_16 weld, which has the most homogeneous
mixing area in the nugget (Fig. 2¢), only fcc Cu and
CuoAly were detected in the nugget by XRD (Fig. 3¢).

Comparing all the spectra in Fig. 3, it is possible to
conclude that the composition of the nugget, similar
to the nugget morphology, evolves with heat input,
since increasing the w/v ratio increases the amount of
intermetallic phases and the homogeneity in composi-
tion of the nugget. In fact, whereas for the 750_16 weld
both CuAl, and CugAly were detected, for the 1000_16
weld, corresponding to the highest heat input welding
conditions, only CugAly was detected.

Figure 4 shows the results of the XRD structural
analysis of the silver layer on top of the welds, which is
shown in Fig. 1. From the spectra, it is possible to
conclude that fcc Al is the predominant phase on the top
layer of all the welds. Significant amounts of CuAl, and
residual amounts of CugAl; and fcc Cu are also
discernible in the diffractograms. In addition to the
Cu-Al system phases, the formation of minor amounts
of cubic Al,O; was also observed, which indicates that
surface oxidation occurred during or after the FSW
process. A BSE image and EDS spectra registered for
the 1000_25 weld crown are shown in Fig. 5, where it is
possible to see that the top layer of this weld has copper
rich particles (Fig. 55) embedded in an Al-Cu mixed
matrix (Fig. 5¢). The Al-Cu matrix consists of a mixture
of CuAl, and Al and the Cu richer particles correspond
to the Cu and/or CugAly phases detected by XRD. The
same type of morphology was registered for the other
two welds. Therefore, the thick and irregular surface of
the welds results from the deposition of an intermetallic
rich layer, with physical and mechanical properties
quite different from those of both base materials. The
differences in the amount of the different phases, which
can be depicted by comparing the diffractograms in
Fig. 4, can be attributed to the strong irregularity of the
material deposition process at the top of the weld, which
was already discussed when analysing Fig. 1.
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Another important aspect to retain from previous
analysis is that whereas in the nugget the structure and
composition clearly evolve by changing process para-
meters (compare Figs. 2 and 3), at the weld surface, the
structure and composition are very similar, independent
of the welding conditions (compare Figs. 1 and 4). This
has to be a consequence of the concurrent effect of
material flow in the FSW and the mechanisms of
intermetallic phase formation, as will be analysed in the
next section.

Analysis of intermetallic phase
formation

According to Ouyang et al.,® the formation of inter-
metallic phases cannot be exclusively understood based
on the Al-Cu phase diagram,'’ since the chemical
reactions occurring under the thermal cycles imposed by
the FSW process are far from the equilibrium condi-
tions. Furthermore, the melting temperature of the
CuoAl, intermetallic phase (1030°C)' is quite higher
than the peak temperatures registered during Al-Cu
FSW.*’ Therefore, only a thermomechanically induced
solid state diffusion process can justify the formation of
this high melting temperature intermetallic phase under
FSW thermal conditions.

In this work, the highest amount of CuyAl; was
detected in the 1000_16 weld nugget. Figure 6 shows the
(111) and (200) fcc Cu peaks and the (330) CugAly peak
of the diffractograms of Fig. 3c. In addition to the XRD
patterns (in red), the results of the fitting with pseudo-
Voigt functions (in blue and green) are also presented in
the figure. Analysing the figure, it is possible to conclude
that the (111) and (200) Cu diffraction peaks in Fig. 6a
are highly asymmetrical, presenting a shoulder at lower
diffraction angles. Both peaks can be fitted with two
contributions, one with 20 value corresponding to the
Cu base material, and another with lower intensity and
centred at lower diffraction angles, which corresponds to
a solid solution of Cu(Al). Both phases are also present
in the diffraction patterns of Fig. 6b and ¢, although the
intensity of the diffraction peaks indexed to the Cu(Al)
solid solution in Fig. 6¢ is higher than that indexed to
the Cu base material. It is also important to observe that
despite the fact that the relative intensities of the Cu and
Cu(Al) contributions differ from figure to figure, the
amounts of CuygAly and Cu(Al) formed in the different
zones of the nugget are closely related. Higher amounts
of Cu(Al) correspond to higher amounts of CugAly and
vice versa.

Since the formation of the Cu(Al) solid solution
results from the incorporation of Al atoms in the Cu
structure,’ it can be argued that CuyAl, formation
follows the same mechanism. During FSW, the incor-
poration of Al atoms in the Cu matrix can be assumed
as a mechanical process, which results from the stirring
action of the tool, pushing aluminium from its retreating
side and copper from its advancing side into the inner
shear layer surrounding the pin. This assumption is
based on the results of a deep analysis of the material
flow mechanisms during dissimilar Al-Cu FSW, which
can be found in Ref. 5. The shear layer materials, which
complete one or more revolutions around the pin before
being extruded against the retreating side at the back
of the tool, are subjected to extremely intense plastic
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deformation, which, according to some authors, en-
hances the solid state diffusion rates in solid state joining
processes.”2* Increased atomic diffusion rates enable
achieving a suitable atomic concentration for CugAly
formation even at low FSW temperatures. The occur-
rence of favourable conditions for CugAly formation,
mainly at the shear layer surrounding the pin, with a
copper rich composition, is the reason why this
intermetallic compound was detected in large amounts
when analysing the weld cross-section, but only in small
amounts at the weld surface. Once again, the FSW
material flow mechanisms analysed by Galvio er al.” are
on the basis of current assumption.

Concerning the CuAl, phase, previous studies re-
ported that this compound has an enthalpy of formation
significantly lower than the CuoAly.>> Effectively,
from the Al-Cu equilibrium diagram, it is possible to
observe that the formation of this phase results from a
peritectic reaction, which occurs at 590°C.>!> However,
during FSW, the formation of this compound should
also be explained based on a thermomechanically in-
duced solid state diffusion process, since, although its
melting temperature is close to the FSW temperatures,
no solidification structures such as primary dendrites of
Al and CuAl, and/or Al-CuAl, eutectic structures were
detected in the SEM analysis. Nevertheless, since the
temperatures achieved during FSW are close to the
CuAl, melting temperature, the formation of this
intermetallic occurs wherever the suitable atomic con-
centrations are locally achieved, which easily occurs
at the weld surface, where the shoulder drags large
amounts of aluminium from the retreating side of the
tool against the copper plate surface at the advancing
side. This mechanism also explains the presence of large
amounts of CuAl, at all weld surface, independent of the
welding parameters in use. By increasing the heat input,
increasing amounts of both Al and CuAl, will be
dragged by the shoulder into the inner shear layer
surrounding the pin, where chemical and thermomecha-
nical conditions for the formation of CuyAly exist. In
fact, the cross-sections in Fig. 2 show that the shear
layer dimensions increase with increasing heat input,
while the upper aluminium layer tends to disappear.

Finally, the XRD results in Fig. 3¢ showed the absence
of CuAl, in the nugget of the 1000_16 weld, produced
under the highest heat input conditions, which can be
explained assuming the occurrence of structural evolution
of the CuAl, into CugAly, inside the shear layer. In fact,
an investigation conducted by Wang er al.,>> which was
aimed to study the combustion synthesis of copper
aluminides, reported that for copper rich mixtures, the
formation of CugAl, and solid solution of aluminium in
copper is possible through the consumption of Cu, Al,
CuAl and CuAl,. Since in the present study CuAl, was
detected on the surface of all the welds, independently of
nugget phase composition, it is possible to assume that
CuAl, present at the weld surface results mainly from
base material stirring under the shoulder, where large
amounts of aluminium are stirred against the copper
surface.” In the course of the dynamic material flow
process, the materials under the shoulder are incorpo-
rated in the shear layer surrounding the pin,>?’ where
material mixing and plastic deformation are extremely
intense, and conditions for CugAl; formation will be
reached under appropriate heat input conditions.
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Conclusions

The influence of the welding parameters on brittle
intermetallic phase formation and distribution during
aluminium to copper FSW was investigated. It was
observed that increasing the heat input, by performing
welds under higher w/v ratio, resulted in the formation
of mixed material zones with increasing dimension and
homogeneity. The morphology of the mixing zones and
the type and amount of the intermetallic phases, which
were found to result from a thermomechanically induced
solid state process, are also strongly dependent on the
welding parameters. In fact, under lower heat input
conditions, no important mixing patterns were found in
the nugget, indicating the formation of an interface
morphology similar to that obtained by other authors
when performing friction diffusion bonding. On the
other hand, increasing the w/v ratio, the weld nuggets
displayed heterogeneous phase composition, with sig-
nificant amounts of both base materials (Al and Cu) as
well as some quantities of CuAl, and CuoAly inter-
metallic phases. For the welds obtained under the
higher w/v ratio, only Cu, Cu(Al) solid solution and
CugAl, were registered. The structural evolution of the
CuAl, intermetallic phase, under the mechanical con-
ditions developed inside the shear layer surrounding the
pin, was pointed as one of the reasons for the formation
of increasing amounts of CugAly; and Cu(Al) under
higher heat input conditions. Finally, it was found that
the rough and irregular crowns, characteristic of dissi-
milar aluminium to copper friction stir welds, result
from the formation of a CuAl, rich layer under the
shoulder, at the weld surface, which is irregularly dis-
tributed at the trailing side of the tool during the
welding process.
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ABSTRACT

The aim of present study was to analyse the influence of the shoulder geometry on the formation and
distribution of brittle structures during friction stir welding of aluminium and copper. With this aim,
welds were produced using two different friction stir welding tools: a scrolled and a conical shoulder
tool. It was observed that, welding under the same welding parameters but with different tools, the
nugget of the welds had completely different intermetallic content. Whereas the scrolled tool promoted
the formation of a mixing region almost exclusively composed of CuAl,, the conical tool gave rise to the
formation of an aluminium, copper, CuAl, and CugAls mixture, with higher heterogeneity and lower
intermetallic content. Moreover, it was also concluded that the tool geometry also governs the welds
surface characteristics. Whereas an irregularly distributed intermetallic-rich material, with strong non-
metallic characteristics, was observed on surface of the welds carried out with the conical tool,
a regular surface with insignificant amounts of intermetallic material was depicted in the welds
produced with the scrolled tool. In current paper, these findings are analysed and explained based on

material flow mechanism in friction stir welding.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Friction Stir Welding (FSW) is an innovative solid-state welding
technology, which according to DebRoy and Bhadeshia [1] has great
potential for joining dissimilar materials with very different phys-
ical and mechanical properties, such as aluminium and copper. The
production of aluminium/copper (Al/Cu) hybrid systems would
have high technical and economic impact, since it would enable the
creation of engineering solutions combining copper’s improved
mechanical, thermal and electrical properties with aluminium’s
low specific weight and cost. However, aluminium to copper fric-
tion stir welding is still at an embryonic stage and, so far, no sound
joining of these metals was achieved. Large incidence of micro-
structural defects [2], related to irregular material flow during
welding, strong brittleness [3], due to the formation of large
amounts of brittle Al/Cu intermetallic phases, and very irregular
surface finishing [4], are the most important problems associated to
Al/Cu joining by friction stir welding. Nevertheless, only incipient
research has been done in this area and very few studies have been
carried out in order to understand the relation between the weld
morphology, the mechanisms of intermetallic phases formation
and the process parameters.

* Corresponding author. Tel.: +351 239 790 700; fax: +351 239 790 701.
E-mail address: dulce.rodrigues@dem.uc.pt (D.M. Rodrigues).

0966-9795/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.intermet.2011.10.014

Ouyang et al. [5] developed a study which was aimed to
investigate the microstructural evolution during friction stir
welding of AA 6061-T6 to Copper (99.9%). The authors noticed
the formation of a mechanically-mixed region at the weld
nugget, composed of large amounts of CuAl,, CuAl and CugAly
intermetallic phases. The presence of the CugAlsy phase, with
melting temperature much higher than the temperatures ach-
ieved during the friction stir welding process, was specially
emphasised in this study. The authors claimed that this inter-
metallic compound, which was predominantly detected in
copper-rich zones of the nugget, intercalated with lamellae of
saturated solid solution of aluminium in copper, resulted from
the mechanical integration of aluminium atoms into the copper
metallic matrix. Abdollah-Zadeh et al. [6] and Sarrafi et al. [7]
also detected the presence of the same intermetallic phases
referred by Ouyang et al. [5] in Al/Cu friction stir welds. However,
no mechanisms were advanced by these authors for explaining
intermetallic phases formation. It is also important to emphasise
that the relation between process parameters and intermetallic
phase formation, or the relation between intermetallic phases
distribution and weld morphology, have never been addressed in
literature. The presence of intermetallics was mainly analysed in
which concerns to its influence on the welds strength, being still
controversial if it is detrimental [6] or favourable [8].
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Table 1
Welding conditions used to carry out the welds.

Weld Tool

Tool positioning Rotational speed Traverse speed

Geometry Dimensions

Material

(rev min~1) (mm min~")

Conical shoulder:
14 mm-diameter

- Smooth cylindrical pin:
- 3 mm-diameter

e .. 0.9 mm-length
Conical (3%) Shoulder

Smooth Cylindrical Pin

Scrolled shoulder:

14 mm-diameter
Threaded cylindrical pin:
3 mm-diameter

WS 1 mm-length

Secrolled Shoulder

Threaded Cylindrical Pin

Plunge depth: 0.9 mm
Tilt angle: 2°

H13 Steel 750 160

Plunge depth: 0.95 mm 160

Tilt angle: 0.5°

H13 Steel 750

Galvao et al. [9] studied the material flow mechanisms taking
place during Al/Cu dissimilar friction stir welding, by comparing AA
5083-H111 to copper-DHP welds produced with different tool
geometries: conical and scrolled shaped shoulder tools. The
authors reported significant differences in the material flow
mechanisms induced by both types of tools, in intermetallic phase
content inside the nugget and in weld morphology. In present
study, by performing a thorough macro and microstructural anal-
ysis of welds cross-section and surface, important relations were
established between material flow mechanisms, the nature of the
brittle intermetallic phases and its distribution during welding. It
was also found that the formation of the intermetallic phases
deeply influences the weld crown morphology, which remains one
of the main concerns in Al/Cu joining by friction stir welding.

2. Experimental procedure

In present work, 1 mm-thick joints of oxygen-free copper with
high phosphorous content (Cu-DHP, R 240) and 5083-H111
aluminium alloy (AA 5083-H111), friction stir butt welded using
conical and scrolled shoulder tools, are analysed. Table 1 displays
the tools’ characteristics, the welding conditions used and the
nomenclature adopted in the text for identifying the welds. Thus,
the WS and WC acronyms identify the welds produced with the

b Shoulder Zone

scrolled and the conical tools, respectively. In all welds the copper
plate was placed at the advancing side of the tool, for the reasons
explained in Galvao et al. [9].

After welding, the surface of the welds was photographed.
Transverse cross-sectioning of the welds was performed for
metallographic analysis. The samples were prepared according to
standard metallographic practice and etched in order to enable the
identification of the different materials in the weld. A solution of
5 ml of H,0; in 50 ml of NH4OH was used for enhancing the welds
microstructure. Metallographic analysis of transverse cross-
sections was performed using optical microscopy, in a ZEISS HD
100 equipment. Scanning electron microscopy/Energy dispersive X-
ray spectroscopy (SEM/EDS) and micro X-ray diffraction were per-
formed in the cross-section and on the surface of the welds, using
a PHILIPS XL30 SE microscope and a PANalytical XPert PRO micro-
diffractometer, respectively.

3. Results

Pictures of the welds surface, optical macrographs of the cross-
sections and SEM micrographs, acquired in back scattered electrons
(BSE) mode, of selected cross-section areas of the WS and WC
welds, are illustrated in Figs. 1 and 2, respectively. Comparing the
surface of both welds, it can be concluded that the weld produced

(1o

Cu-rich Particles

Al-rich Matrix

Fig. 1. Picture of the surface (a), macrograph of the transverse cross-section (b) and BSE micrograph of the mixing zone (c) of the WS weld.
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Fig. 2. Picture of the surface (a), macrograph of the transverse cross-section (b) and BSE micrograph of the mixing zone (c) of the WC weld.
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Fig. 3. Results of the XRD analysis performed in the nugget of the WS (a) and WC (b) welds.
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with the scrolled tool displays a much smoother surface than the
weld produced with the conical tool. Effectively, whereas the
surface of the WC weld is formed by a shiny layer of irregularly
distributed material, with deep voids (Fig. 2a), the surface of the WS
weld displays fine and regularly distributed arc shaped striations
(Fig.1a), with characteristics similar to those observed in similar Al/
Al [10] or Cu/Cu [11] friction stir welds.

Comparing the cross-section macrographs of the WS and WC
welds (Figs. 1b and 2b), in which the pin and shoulder influence
areas are delimited using vertical lines, two common features are
observed: Aluminium at the top of both welds, which was pushed
from the retreating to the advancing side of the tool in the shoulder
influence zone, and copper at the bottom of the welds, which was

pushed from the advancing to the retreating side of the tool, across
the pin influence zone. Despite these similarities, significant
differences are also observed by comparing both nuggets
morphology. Effectively, a well-defined tongue of grey material
going upwards through the advancing side of the WS weld is
observed in Fig. 1b. This tongue is embedded in a copper matrix and
presents a quite homogeneous morphology, in which no lamellae of
intercalated materials are discernible. In fact, the BSE micrograph
acquired in the tongue, which is illustrated in Fig. 1c, shows
a homogenous aluminium-rich material matrix, in which some
copper-rich particles are dispersed. For the WC weld, a mixed
region composed of bright and dark lamellae, extending through
the copper side of the shoulder influenced zone is shown in Fig. 2b.

a ,.
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3
= A
- Spectrum 3
R |
é
<
E
Spectrum2 A * Cupdl,
Spectrum 1
20 25 30 35 40 45 50 55 60 65 70 75 80
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é, N s gt ~ e om bt P M
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2 o Spectrum 2 .
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- ~ iy | A M-...J-A-..
Spectrum 1 r
B
20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°)

Fig. 4. Results of the XRD analysis performed on the surface of the WC (a) and WS (b) welds.
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The BSE micrograph illustrated in Fig. 2c, which was acquired inside
this area, displays complex mixing patterns composed of layers of
copper and aluminium alternated with copper or aluminium-rich
mixed lamellae.

The results of the XRD analysis performed in different zones of
the nugget of the welds (S points indicated at red in the cross-
section magnifications of Figs. 1b and 2b) are shown in Fig. 3.
Fig. 3a shows that the material tongue formed in the nugget of the
WS weld is mostly composed of CuAly, which agrees well with the
homogeneous morphology of this structure (Fig. 1b and c). In fact,
only an almost negligible quantity of copper (f.c.c. Cu) and small
amounts of aluminium (f.c.c. Al) and CugAly were detected in this
zone. On the other hand, as shown in Fig. 3b, zones with base
materials composition (f.c.c. Cu or f.c.c. Al), regions with high
amounts of copper, aluminium, CugAls and CuAl; and areas only
composed of copper and CugAl4 were detected in the diffractogram
acquired in the nugget of the WC weld, which is also in accordance
with the heterogeneous morphology observed in Fig. 2b and c.

Comparing the WC and WS welds, it can be concluded that,
although both welds have been done using the same process
parameters, both the morphology and the phase content of the
nuggets are completely different. Effectively, whereas the scrolled
tool promoted the formation of a mixed region almost exclusively
composed of CuAly, the conical tool gave rise to a CugAlg-rich
mixture in the nugget, with lower intermetallic content than that of
the WS weld.

Cu-rich Particles
Al-rich Matrix

7

t v Det B——————— 1004m
3 BSE

Intensity (a.i.)

3

Residual Oxidation

Cu Particles

Intensity (a.n.)

0.20 0.60

It was already shown that the material flow mechanisms
induced by each of these tool geometries, which are deeply ana-
lysed in Leal et al. [12], for dissimilar joining of aluminium alloys,
and in Galvao et al. [9], for Al/Cu welding, have a strong influence
on the quantity of retreating and advancing side material that is
incorporated in the shear layer surrounding the pin at each revo-
lution of the tool. According to Galvdo et al. [9], the intense drag-
ging action of the helical flutes of the scrolled tool, which goes deep
through the thickness of the plates and encompasses the full tool
perimeter, enables the incorporation of large amounts of
aluminium, located at the retreating side of the tool, in shear layer
surrounding the pin, where both base materials are mixed by
intense plastic deformation. The incorporation of copper, which is
the advancing side material, in the shear layer is promoted almost
exclusively by the pin, being restricted to a very small volume
surrounding it, which makes that the shear layer resulting from this
process has an aluminium-rich composition. The high tempera-
tures and plastic deformation in the shear layer enhance the solid-
state atomic diffusion rates [13] generating suitable conditions for
the formation of aluminium-richer intermetallic phases, such as
CuAl,. After one or more revolutions, the shear layer material is
extruded against the advancing side material, at the back of the
tool, giving rise to the formation of the CuAl,-rich material tongue
observed in the cross-section macrograph of Fig. 1b. Macrographs
illustrating the flow mechanism discussed in this paragraph can be
found in Galvdo et al. [9] and Leal et al. [12].
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Fig. 5. BSE micrograph and EDS spectra registered on the surface of the WC (a) and the WS (b) welds.
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For the conical tool, the dragging action of the shoulder is
restricted to the top of the plates, at the back of the tool, where
aluminium is also incorporated into the shear layer’s mixing
volume surrounding the pin, but in smaller quantities than for the
scrolled tool, in which dragging action completely encompasses the
shoulder perimeter and plate’s thickness. The aluminium dragged
by the conical shoulder, from the retreating side, is forced down-
ward at the back of the tool, into the shear layer surrounding the
pin, being mechanically-mixed with the copper dragged by the pin,
from the advancing side, at the leading side of tool. According to
Leal et al. [12], the dragging and stirring action of the conical
shoulder is much less intense than for the scrolled shoulder, which
makes that the shear layer composition for this tool is richer in
copper and very heterogeneous, with intercalated layers of both
base materials. Under the processing conditions, the Cu-rich zones
of the shear layer give rise to the formation of the CugAly copper-
rich intermetallic phase and some locally Al-rich regions of the
shear layer give rise to the formation of the CuAl,. It is important to
emphasise that both phases are formed at the same processing
temperature, despite the differences in the enthalpy of formation
between them [14], which points for the fact that both phases
result from a mechanical stirring process as referred by Ouyang
et al. [5].

The phase content of the weld crowns was also analysed in
order to understand the differences in surface finishing between
both welds. Figs. 4 and 5 illustrate the results of the XRD and SEM/
EDS analysis, respectively, carried out on the surface of the WC and
WS welds. The diffractogram in Fig. 4.a shows that high amounts of
the intermetallic phase CuAl, are distributed over the WC weld.
Small amounts of f.c.c. Al, f.c.c. Cu and CugAls were also detected.
The distribution of these phases on the top of the weld can be
understood in Fig. 5a. According to the figure, the top shiny layer
irregularly distributed over the weld (Fig. 2a), is composed of an
aluminium-rich mixed matrix with small particles of copper-rich
material embedded in it. Galvao et al. [9] stressed that important
quantities of aluminium, which is quite softer than copper, remain
constrained inside the conical shaped scape volume under the
shoulder where an Al-rich mixing volume is formed, which
explains the presence of large amounts of CuAl; at the weld crowns.

For the WS weld, the same type of analysis, whose results are
displayed in Fig. 4b, revealed high quantity of aluminium, some
copper and very small amount of intermetallic phases at the weld
surface. In fact, SEM/EDS results displayed in Fig. 5b shows that the
top layer of this weld is composed of large particles of pure copper
scattered in a pure aluminium matrix. Actually, as stressed before,
the helical flutes of the scrolled shoulder exert an intense dragging
action over the surface of the plates, pushing materials, from both
retreating and advancing sides of the tool, into the inner shear layer
surrounding the pin. No accumulation of material is promoted
under the shoulder, and for that reason, there is no intermetallic
deposition at the weld surface. The shiny layer visible on the top of
the WS weld, in Fig. 14, is mainly constituted of aluminium, and for
that reason it displays morphology very similar to that of similar
aluminium welds. For the WC weld, the top layer consists of an
intermetallic-rich mixture, with strong non-metallic characteris-
tics, which is irregularly distributed over the weld surface during
tool traverse motion, compromising negatively weld surface
finishing.

Although the WS weld displayed much more homogeneous
structure and improved surface finishing, relative to the WC weld,
the formation of important quantities of CuAl, inside the shear
layer, which give rise to the through thickness intermetallic grey
tongue in the weld nugget, is very detrimental in terms of weld
strength. This results from the extreme brittleness of the CuAl,
tongue, with deep cracks inside it, as can be seen in Fig. 1b.

4. Conclusion

The influence of the shoulder geometry on the formation and
distribution of brittle structures in friction stir welding of aluminium
and copper was investigated in present study. Important relations
between material flow mechanisms, the nature of the brittle inter-
metallic phases and its distribution during welding were estab-
lished. It was observed that the nugget of welds produced using the
same process parameters, but different tool geometries, displayed
completely different morphology and intermetallic content. In fact,
whereas the scrolled tool promoted the formation of a tongue-
shaped mixing region almost exclusively composed of CuAl,, the
conical tool gave rise to the formation of an aluminium, copper,
CuAl; and CugAly mixture, with higher heterogeneity and lower
intermetallic content. This enables to conclude that material flow
mechanisms induced by each shoulder geometry have a strong
influence on the phase content of the mixtures.

It was also observed that the tool geometry strongly determines
the surface finishing of the welds, since it has great influence on the
nature of the material deposited on the top of the joints. Effectively,
whereas an irregularly distributed intermetallic-rich material, with
strong non-metallic characteristics, was observed on surface of the
welds carried out with the conical tool, a regular surface with no
significant amount of intermetallic material was depicted in the
welds produced with the scrolled tool. It was inferred that the large
formation of intermetallic material, specifically CuAly, on the surface
of the conical weld results from material mixing in the under
shoulder volume, which contains large amount of aluminium that is
constrained inside the conical cavity of the tool. On the other hand,
since no accumulation of material is promoted under the scrolled
shoulder, there is no intermetallic deposition at the weld surface.
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The aim of present study was to analyse and compare the influence of the welding conditions on torque
evolution, during similar and dissimilar friction stir butt welding of 5083-H111 aluminium alloy and cop-
per-DHP. The torque registered during welding, using different welding parameters and base materials
combinations, and its relation with the morphological and structural properties of the welds were ana-
lysed. Independently of the materials to be welded and the relative plates positioning, in dissimilar fric-
tion stir welding, the sensitivity of the average torque to the process parameters was observed to be the
same. It was also observed that the average torque is strongly conditioned by the materials to be welded,
since, for all welding parameters, the lowest average torque values were always registered during dissim-
ilar welding. Material flow and intermetallic-formation were found to determine this behaviour. Impor-
tant differences in instantaneous torque evolution, during welding, were also observed depending on
base materials combinations.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A key combination of excellent electrical and thermal conduc-
tivities, outstanding corrosion properties and good strength and fa-
tigue resistance makes copper very suitable to be used in many
emerging industrial sectors [1]. Nevertheless, the heavyweight
and expensive cost of this material limit its wider application. So,
the implementation of aluminium/copper (Al/Cu) hybrid struc-
tures, maintaining most of copper’s specific properties and simul-
taneously allowing important weight and cost savings, is a very
attractive solution in numerous industrial fields. Friction Stir
Welding (FSW), traditionally pointed as a solid-state welding tech-
nology suitable for joining materials with very different physical
and mechanical properties [2], is the most appropriate solution
for producing Al/Cu hybrid structures. However, only incipient
investigation has already been performed on Al/Cu FSW and no
appropriate welding conditions, enabling to produce welds with
excellent surface finishing, sound microstructures and suitable
mechanical properties, have been defined yet [3-5]. Actually, fur-
ther research, enabling full understanding of all metallurgical,
thermal and mechanical phenomena taking place during welding,
is still mandatory.

Recently, some important advances have been achieved in Al/Cu
FSW understanding, mainly in which concerns the material flow
during the process and the mechanisms of intermetallic phases for-
mation/distribution, as well as their effect on the final properties of

* Corresponding author. Tel.: +351 239 790 700; fax: +351 239 790 701.
E-mail address: dulce.rodrigues@dem.uc.pt (D.M. Rodrigues).

0261-3069/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.matdes.2012.05.058

the welds. Actually, Galvdo et al. [6], in dissimilar FSW of 1 mm-
thick AA 5083-H111 to copper-DHP, emphasised the influence of
the base materials positioning on material flow during welding
and, consequently, on the final structure and morphology of the
welds. Positioning the aluminium plate at the advancing side of
the tool, the authors observed that the harder copper, which was
pushed from the retreating to the advancing side of the tool, ex-
pelled large amounts of the softer aluminium from the under
shoulder area, preventing base materials mixing. As a result, strong
thinning and massive aluminium flash were observed on the sur-
face of these welds. On the other hand, for the welds produced
with the copper plate at the advancing side of the tool, strong base
materials mixing/interaction was observed. Fluid-like morpholo-
gies, composed of intercalated layers of both base materials and
mixed Al/Cu lamellae, were identified in the nugget of these welds.
Furthermore, Galvao et al. [6] also reported the presence of a very
irregular layer over the surface of these welds. Large amounts of
CuAl, and CugAl, intermetallic phases were detected both in the
nugget’s fluid-like structures and on this irregular layer [7]. This
led the authors to conclude about the existence of important mix-
ing volumes in both the inner shear layer, surrounding the pin, and
the under shoulder cavity, giving rise to the deposition of large
amounts of intermetallic-rich materials on the surface of the
welds.

Despite of these advances in Al/Cu FSW understanding, the
influence of the welding parameters on welding conditions, which
according to several authors can be inferred by a torque (N m) sen-
sitivity analysis [8-10], is an aspect which remains totally unchar-
acterised in Al/Cu FSW. So, the aim of the present study was to
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analyse and compare the influence of the welding conditions on
torque evolution, during similar and dissimilar friction stir butt
welding of AA 5083-H111 and copper-DHP. More precisely, the
torque registered during welding, using different welding parame-
ters and base materials combinations, and its relation with the
morphological and structural properties of the welds will be ana-
lysed in current paper.

2. Experimental procedure

In previous works [6,11,12], similar and dissimilar friction stir
butt welds of 1 mm-thick plates of oxygen-free copper, with high
phosphorous content (copper-DHP, R240), and 5083-H111 alumin-
ium alloy, were carried out in an ESAB LEGIO FSW 3U equipment,
using a 14 mm-diameter conical tool with a 3° shoulder cavity
and a 3 mm-diameter cylindrical probe. As illustrated in Table 1,
which shows the full set of welding conditions considered in those
works, the welds were performed under load control (700 kg),
using a tool tilt angle of 2° and varying traverse (16 and
25 cm min~!) and rotation (750, 1000 and 1250 rev min~!) speeds.
In dissimilar welding, the relative positioning of the base materials
relative to the tool rotation direction was also alternated, which
determined a set of 22 welding conditions to be analysed. Table
1 also displays the nomenclature adopted in the text for labelling
the different welds, which was selected in order to identify, for
each sample, the base materials and the variable welding condi-
tions. Thus, the Al-750-16 and Cu-750-16 welds correspond, respec-
tively, to 5083 aluminium (Al/Al) and copper-DHP (Cu/Cu) similar
welds produced with the rotational and welding speeds of 750 re-
vmin~! and 16 cm min~". In turn, the DCu-750-16 and DAI-750-16
acronyms identify Al/Cu dissimilar welds carried out with copper
and aluminium plates positioned at the advancing side of the tool,
respectively, and with the same welding parameters used for the
previous similar welds.

All the welds performed had 175 mm in length. In each welding
test, the instantaneous spindle torque was registered by the mon-
itoring system of the FSW apparatus, which enabled to plot indi-
vidually the torque evolution during welding. However, in order
to avoid any influence of the initial and final unstable welding peri-
ods on the torque sensitivity analysis, average torque values were
calculated considering only the acquisition period corresponding
to a 50 mm central welding length. In order to characterise the
plastic behaviour of the 5083 aluminium alloy and copper-DHP,

Table 1
Welding conditions: processing parameters and base material combinations.

until very large values of plastic deformation, shear tests were per-
formed using an Instron 4206 equipment. The tests were carried
out, at room temperature, using a testing speed of 5 mm min'.
Strain data acquisition was performed, using ARAMIS Optical 3D
Deformation & Strain Measurement system, according to the proce-

dures explained elsewhere [13].

3. Results
3.1. Spindle torque assessment

Significant dissimilarities in structure and morphology between
the Cu/Cu, Al/Al and Al/Cu friction stir welds, which were well-doc-
umented in previous investigations [6,11,12], point to important
differences in materials behaviour and materials flow mechanisms,
and consequently, on the flow stresses developed during welding.
So, the spindle torque variation, which is a quantity closely related
to the energy spent during welding [9], which, in turn, varies
according to base materials characteristics and welding parame-
ters, can be used as a quantitative parameter enabling to evaluate
the welding conditions [14].

The evolution of the average torque, with the rotational and tra-
verse speeds, for similar and dissimilar aluminium and copper FSW
is illustrated in Fig. 1. The welds produced with the traverse speeds
of 16 and 25 cm min~! are represented, in the graphs, by black tri-
angles and white circles, respectively. From the pictures, it can be
concluded that, independently of the materials to be welded, or
the relative positioning of the plates, in dissimilar FSW, the torque
sensitivity to the varying process parameters was the same. Specif-
ically, whereas an important decrease in torque values was regis-
tered when increasing the rotational speed, no significant torque
variations were registered by varying the traverse speed. The same
type of results has already been reported by previous authors. Arora
et al. [8] stated that increasing the rotational speed, increases the
temperature developed in the process, promoting additional mate-
rial softening and decreasing the flow stresses associated to mate-
rial stirring, which strongly contributes in decreasing the torque
registered by the welding equipment. Peel et al. [10] and Arora
et al. [8], who also reported small torque variations by changing
the traverse speed in FSW, stated that this parameter may have
small influence on the temperature field around tool pin.

In Fig. 2 is analysed the evolution of the average torque with
base materials characteristics. More precisely, the diamonds,

Similar Welds

Base Material Welding Conditions

Copper-DHP AA 5083 Rotational speed (rev min~') Traverse speed (cm min™") Axial load (kg) Tilt angle (°)
Cu-750-25 Al-750-25 750 25

Cu-750-16 Al-750-16 16

Cu-1000-25 Al-1000-25 1000 25 700 2
Cu-1000-16 Al-1000-16 16

Cu-1250-25 = —————— 1250 25

Cu-1250-16 ~  —————— 16

Dissimilar welds

Adv. Side Material Welding Conditions

Copper-DHP AA 5083 Rotational Speed (rev min~') Traverse Speed (cm min~') Axial Load (kg) Tilt Angle (°)
DCu-750-25 DAI-750-25 750 25

DCu-750-16 DAI-750-16 16

DCu-1000-25 DAI-1000-25 1000 25 700 2
DCu-1000-16 DAI-1000-16 16

DCu-1250-25 DAI-1250-25 1250 25

DCu-1250-16 DAI-1250-16 16
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Fig. 2. Influence of the base materials on the average torque of the welds produced

with a travel speed of 25 cm min~'.

squares and circles represent the average torque for Cu/Cu, Al/Al
and Al/Cu welding with a traverse speed of 25 cm min~! and differ-
ent tool rotation rates. From the picture, it can be observed that the
torque is also influenced by base materials combination. In fact, for
all welding parameters, the highest and lowest torque values were
registered in Cu/Cu welding and Al/Cu welding, respectively. Inter-
mediate values of torque were registered for the Al/Al welding
tests. Firouzdor and Kou [15] also registered, in dissimilar 6061
aluminium to AZ31 magnesium welding, values of torque lower
than those acquired during the similar joining of both metals.
Analysing the similar welds torque, it can be observed that the
values corresponding to the copper welding tests were only
slightly higher than those measured for aluminium welding,
despite the important differences in hardness and thermal conduc-
tivity between both base materials. In fact, since the 5083 alumin-
ium alloy displays significantly lower hardness than that of the

copper-DHP (70 Hv vs. 90 Hv) and less than half of its thermal con-
ductivity (120 W/m K vs. 339 W/m K), it is conceivable to assume
that thermal softening would be stronger during Al/Al welding,
and consequently, the flow stresses developed during the process
would be gentler than during Cu/Cu welding, conducting to much
lower torque values. However, from Fig. 3, which illustrates, for
both base materials, stress—strain curves obtained in shear, at room
temperature, in quasi-static conditions (5 mm min~!), it can be ob-
served that the 5083 alloy, despite displaying much lower yield
stress, exhibits pronounced hardening with plastic deformation,
attaining shear strength values much higher than those registered
for copper, at much higher plastic deformation values. As FSW in-
volves strong plastic deformation, it is possible to assume that the
more intense thermal softening experienced by the aluminium rel-
ative to the copper alloy, will be balanced by the more intense
hardening behaviour of this material, which will increase the flow
stresses during welding. So, as stated in a previous investigation by
Leitdo et al. [16], pronounced differences in plastic behaviour dur-
ing welding, which justify noticeable differences in friction stir
weldability, would also justify the small differences in FSW torque
registered in current work for materials with significantly different
physical and mechanical properties.

The instantaneous torque evolution during welding, for the 750-
16 aluminium and copper similar and dissimilar welding tests, is
plotted in Fig. 4, in which significant differences in torque evolution
can be observed depending on the materials to be welded. In fact,
whereas almost flat curves, without significant variations along
the welding length, illustrate the torque evolution in similar weld-
ing, strong fluctuations in torque values, with important peaks
and drops, were registered during the dissimilar welding carried
out with the copper plate at the advancing side of the tool. From
the top layer photograph of the DCu-750-16 weld, which was in-
cluded in Fig. 4, it can be observed that the torque drops correspond
to weld zones where large amounts of material were accumulated
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(a) Mixing Zone
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Fig. 5. Transverse cross-section (a) and BSE magnification registered in the nugget (b) of a dissimilar weld produced with copper-DHP at the advancing side.
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Fig. 6. Transverse cross-section of a dissimilar weld produced with AA 5083 at the advancing side.

on the weld surface (dark grey zones highlighted in the figure). Fi-
nally, Fig. 4 also shows that, similarly to that observed in similar
welding, the instantaneous torque curves registered for the dissim-
ilar Al/Cu welds produced with aluminium at the advancing side of
the tool (DAI-750-16 weld) do not present significant fluctuations,
which points to an important influence of plates positioning on
material flow during welding, as already stated before [6].

3.2. Torque-determining factors in dissimilar Al/Cu welding

Important dissimilarities in the average torque values (Fig. 2), as
well as in the instantaneous torque evolution (Fig. 4), were observed
depending on the combination of materials to be welded, which
indicate that the metallurgical, thermal and mechanical phenomena
taking place during welding have a strong influence on the devel-
oped flow stresses. Actually, as reported in Galvao et al. [6], strong
base materials interaction takes place during Al/Cu welding, when
positioning the copper plate at the advancing side of the tool, as
exemplified in Fig. 5a, where a transverse cross-section of one of
these welds is shown. Important base materials mixing, taking place
both in the shoulder and pin-governed volumes, results in the for-
mation of CugAly and CuAl,-rich mixtures (mixing zone highlighted
in Fig. 5a). The intermetallic phase CuAl,, in particular, has a melting
temperature close to the peak temperatures measured by Ouyang
et al. [17] in FSW of 6061 aluminium to copper, which promotes
the fluidisation of the intermetallic-rich layers being formed during
welding. The fluid-like morphology of the intermetallic-rich struc-
tures, which can be observed in the nugget of the welds and in the
under-shoulder material [6], is exemplified by the back-scattered
electrons (BSE) image in Fig. 5b. The formation of large amounts
of CuAl,-rich fluidised films under the shoulder, may induce tool
slippage during welding, contributing for significant decrease of
the dissimilar welding average torque, relative to similar materials
welding, as registered in Fig. 2.

Analysing the instantaneous torque evolution (Fig. 4), strong
differences in torque behaviour were also registered for the
dissimilar welds produced with copper plate at the advancing side
of the tool. According to Galvdo et al. [6], large accumulation of
intermetallic-rich material under the tool has important conse-
quences in the metal flow and material deposition processes. Effec-
tively, instead of a periodic material deposition at the rear of the
tool, characteristic of similar welding, significant amounts of inter-
metallic-rich mixtures, formed during welding, adhere to the tool,
being non-periodically expelled after some revolutions. As a result,
an irregular intercalation of torque peaks, when material accumu-
lation takes place under the tool, with significant torque drops,
which correspond to intermetallic material expulsion, explains
the very irregular torque evolution registered in Fig. 4.

Finally, in which concerns to the dissimilar welds produced with
the aluminium plate at the advancing side of the tool, different
causes can be attributed to the relatively low average torque values
measured during welding, in comparison to the similar materials
welding results, registered in Fig. 2. In fact, as reported by Galvao
et al. [6], for these dissimilar welds, large amounts of aluminium
are expelled from the under shoulder area during welding, as high-
lighted in the cross-section of Fig. 6, and consequently, no base
material mixing and/or intermetallic phases formation take place
during welding. Due to the large amounts of aluminium being

expelled from the weld, the volume of material being stirred by
the tool, at each revolution, becomes smaller than in similar mate-
rials welding, decreasing the torque registered during welding.

4. Conclusion

The sensitivity of the spindle torque to the welding conditions,
during similar and dissimilar FSW of 5083-H111 aluminium and
copper-DHP, was investigated in this study. Important relations
between material flow stresses and the metallurgical, mechanical
and thermal phenomena taking place during welding were estab-
lished. Independently of the materials to be welded and the rela-
tive positioning of the plates, in dissimilar FSW, the sensitivity of
the measured torque to the process parameters was very similar.
In fact, whereas an important decrease in torque values was pro-
moted by increasing the rotational speed, no significant torque
changes were achieved by varying the traverse speed. However,
it was also observed that the torque is strongly conditioned by
the combination of materials to be welded, since, for all welding
parameters, the lowest values were registered in dissimilar weld-
ing. A smaller volume of material dragged by the tool, at each rev-
olution, than in similar FSW, as well as tool slippage, are pointed as
the main causes for torque decrease in dissimilar welding. Finally,
the strong fluctuations in instantaneous torque acquisition, regis-
tered in dissimilar welding with the copper at the advancing side,
were related with the large intermetallic content of these welds.
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of Dissimilar Aluminum to Copper Friction-Stir Welds
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In this work, a systematic analysis of the effect of tool offsetting on the morphological, struc-
tural, and mechanical properties of 6082-T6 aluminum to copper-DHP friction-stir welds was
performed, enabling full understanding of Al-Cu bonding structure and failure mechanisms.
Important relations between tool positioning and the thermomechanical phenomena taking
place during welding were established. Tool offsetting was revealed to be an effective way of
solving one of the most important concerns in Al/Cu friction-stir welding, i.e., the formation of
large amounts of intermetallic-rich structures, which deeply influence the final strength and
surface morphology of the welds. Actually, for welds produced without tool offsetting, it was
found that the formation of fluidized intermetallic-rich structures promote the formation of
internal decohesion areas inside the nugget, which have a detrimental effect on weld strength.
For welds carried out with tool offsetting, intermetallic formation is almost suppressed, but
important metallurgical discontinuities in the vicinity of large copper fragments, dispersed over
the nugget, and at the nugget/copper interface were also found to have a detrimental effect on

weld strength.
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I. INTRODUCTION

JOINING dissimilar materials with high chemical
affinity and completely different physical and mechan-
ical properties, such as aluminum and copper, has
already been recognized as an additional challenge in
friction-stir welding (FSW) development.!! In fact, the
establishment of dissimilar welding parameters, enabling
adequate metal flow around the tool, and simulta-
neously, avoiding the formation of large amount of
brittle intermetallic compounds, which seriously deteri-
orate the strength and surface morphology of the
welds,”” has not been achieved yet. The development
of new welding strategies, such as using interlaP/er
materials,”) conceiving new joint design solutions,™*!
or offsetting the tool from the dissimilar base materials
interface, to avoid intensive mixing during welding, are
currently pointed as solutions for achieving successful
dissimilar joining.

Among the alternative welding strategies mentioned
in the previous paragraph, tool offsetting has been the
most explored technique for aluminum to copper (Al/
Cu) friction-stir welding. Okamura and Aota,'¥ who
were among the first to report the use of this technique
in Al/Cu welding, shifted the tool pin toward the
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aluminum side in FSW of 8-mm-thick plates of 6061
aluminum alloy to oxygen-free copper. Restricting the
pin stirring action to the aluminum side, they avoided
base materials mixing and, consequently, inhibited the
formation of brittle Al/Cu intermetallic phases during
welding. The authors pointed out that the diffusion
bonding, which took advantage of the friction plastic
flow phenomenon taking place during welding, resulted
in the production of less defective welds with improved
surface appearance relative to welds obtained by tradi-
tional nonoffsetted FSW procedures. However, in spite
of this, the offsetted welds displayed very poor tensile
properties.

Genevois et al”! also used tool offsetting in friction-
stir welding of 4-mm-thick 1050-H16 aluminum alloy to
commercially pure copper plates. These authors used
full offsetting, with the pin fully displaced to the
aluminum side, working tangent to the copper plate.
No mechanical mixing between the base materials was
observed in these conditions. The authors reported that
frictional heating promoted thermally activated inter-
diffusion at the Al/Cu interface, giving rise to the
formation of a very thin layer of intermetallic com-
pounds (about 200 nm). No results concerning the
structure, surface finishing, and mechanical properties
of the welds were presented, which did not allow
evaluating the effectiveness of this technique in obtain-
ing sound bonding.

Xue et al®™® also reported the effect of tool offsetting
towards the aluminum side on the morphological,
structural, and mechanical properties of S5-mm-thick
friction-stir welds between 1060 aluminum and pure
copper (99.9 pct). The authors tested several degrees of
offsetting, observing that small offsetting values (from 0
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to 33 pct of the pin radius) gave rise to the production of
defective joints with poor surface finishing. Strong
cracking incidence, due to the formation of high
amounts of intermetallic phases, and important mac-
rodefects, related to unsuitable material flow during
welding, were pointed as the main concerns in using
small tool offset. On the other hand, they reported
important improvements in welds soundness and surface
finishing by using larger values of tool offset (between
67 pct and 83 pct of the pin radius). However, most of
the welds failed at the aluminum/copper interface for
very low bending angles.

Finally, contrary to previous works, Liu et al”’
reported a detrimental effect of tool offsetting on
welding results. Actually, they reported defective weld
surfaces independently of the tool positioning, to either
the aluminum or copper sides of the joint, or the tool
offset width.

From the previous studies, it can be concluded that
the effectiveness of FSW tool offsetting in obtaining
nondefective Al/Cu welds, with suitable surface finishing
and good mechanical properties, is not still supported or
even consensual. Effectively, although it is well accepted
that offsetting the tool reduces the interaction of both
base materials and, consequently, inhibits the formation
of Al-Cu brittle intermetallics, no consensus exists
regarding the final properties of the welds. In this work,
a systematic analysis of the effect of tool offsetting on
the morphological, structural, and mechanical proper-
ties of aluminum to copper friction-stir welds is per-
formed, which enables full understanding of the Al-Cu
bonding failure reported in current and previous
literature.

II. EXPERIMENTAL PROCEDURE

Three-millimeters-thick plates of oxygen-free copper
with high phosphorous content (copper-DHP, R 240)
and 6082-T6 aluminum alloy (AA 6082-T6) were fric-
tion-stir butt welded using a M TS I-Stir PDS equipment
(MTS, Eden Prairie, MN). A H13 steel tool composed
of a 16-mm-diameter shoulder, with a 7 de conical
cavity, and a 5 mm-diameter and 2.9 mm-length cylin-
drical probe was used. In order to study the effect of tool
shifting on morphological, structural, and mechanical
properties of the welds, different tool positions were
tested, with offsetting values ranging from 0 to 2.5 mm,
as shown in Figure 1 and Table I. According to the

Materials Interface
Tool Axis

Copper - DHP AA 6082-T6

-

Offset

Fig. 1—Tool offset scheme.
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figure, tool offset, which corresponds to the distance
from the base materials interface to the tool axis, was
always performed towards the aluminum side. In order
to guarantee proper welding conditions, the copper-
DHP plate was always positioned at the advancing side
of the tool. Effectively, as reported by Galvio et all'”)
no sound welding can be achieved by using the reverse
base materials positioning, since under the high tem-
peratures and strain rates experienced during FSW, the
copper alloy, which is dragged by the shoulder from
the retreating to the advancing side of the tool, pushes
the softer aluminum alloy away from the under
shoulder area, resulting in the production of welds
morphologically very irregular. Tool offsetting towards
the aluminum side was performed based on these same
findings, as well as on Okamura and Aotal® recom-
mendations, which point that by offsetting the tool
from the joint interface, towards the softer retreating
side material, promotes its extrusion against the harder
advancing side material, resulting in welding by diffu-
sion bonding.

The rotational and traverse speeds, as well as the axial
load and tool tilt angle, were kept constant, with the
values shown in Table I. This table also displays the
nomenclature adopted in the text for labeling the differ-
ent welds, which was selected in order to identify the
only variable welding condition, i.e., the tool offsetting
value. Thus, the O, s weld corresponds to the weld
performed with the tool shifted 2.5 mm from the base
materials interface to the aluminum side. Macroscopic
inspection of the weld surfaces was performed followed
by transverse cross sectioning for metallographic anal-
ysis. The cross-section samples, prepared according to
standard metallographic practice, were observed using
optical microscopy, in a ZEISS HD 100 equipment
(Carl Zeiss, Oberkochen, Germany). Scanning electron
microscopy/energy  dispersive  X-ray  spectroscopy
(SEM/EDS) and micro X-ray diffraction were also
performed in the cross-section and on the surface of
some selected welds, using a PHILIPS XL30 SE
microscope (Philips, Amsterdam, the Netherlands) and
a PANalytical X’Pert PRO (PANalytical B.V., Almelo,
the Netherlands) microdiffractometer, respectively. Mi-
crohardness measurements were performed using a
Shimadzu Microhardness Tester (Shimadzu Corpora-
tion, Kyoto, Japan), with 200 g load and 15 seconds
holding time. In order to evaluate the strength of the
welds, bending specimens were taken from all welds and
tested, in accordance with the ISO 5173:2009(E) stan-

Table I. Welding Parameters and Tool Offsetting Width

Rotational Traverse Axial Tilt Tool

Speed Speed Load Angle Offset
Weld  (rev.min™!) (mm.min~') (kN) (deg) (mm)
Oy 0.0
Op6 0.6
O3 1000 200 7 3 1.3
O 9 1.9
Oys 2.5
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dard, in an Instron 4206 equipment (Instron Corpora-
tion, Norwood, MA).

II1. RESULTS
A. Morphological Analysis

Pictures of the weld surfaces and optical macrographs
of the cross sections are illustrated in Figure 2. Pin and
shoulder influence zones are indicated in each cross
section using white and red vertical lines, respectively.
Comparing the cross sections of the different welds, it
can be observed that the amount of copper dragged by
the tool, as well as base materials mixture, strongly
varied by changing tool offsetting. In fact, in the pin
influence zone of the O, weld cross section shown in
Figure 2(a), a copper volume with a mass of darker
material inside of it can be observed. For the welds
produced with small (Oge and O3 welds) and large
offsetting (O;9 and O, 5 welds) values, only relatively

large copper fragments (Figures 2(b) and (c)) or smaller
size copper particles (Figures 2(d) and (e)), respectively,
can be observed inside the pin influence zone. It is also
apparent from the figure that the dark structures
observed in Oq weld cross section were almost sup-
pressed by increasing tool offset.

Important differences in surface finishing can also be
depicted by comparing the top layer of the welds in
Figure 2. In fact, whereas thick and very rough top
layers, similar to those obtained by other authors
in traditional non-offseted procedures,™™' can be
observed on the surface of the welds produced with no
or very low offsetting values (Figures 2(a) through (c)),
very smooth surfaces, with fine and regularly distributed
arc shaped striations, like those observed in similar Al/
A" or Cu/Cul"™? friction-stir welds, can be observed
for the welds performed with the highest offsetting
values (zFiﬁures 2(d) and (e)). According to previous
studies,”'¥ the formation and irregular distribution of
intermetallic-rich structures over the weld surfaces is the

01'3 Weld

Fig. 2—Surface and transverse cross-section macrographs of the Oy (@), Og¢ (b), O13 (c), O19 (d), and O, 5 (e) welds.
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main reason for obtaining very poor surface finishing.
Figure 3 shows the results of a XRD analysis performed
on the surface of the welds produced with the extreme
offsetting values, i.e., the Oy (S1, S2, and S3 analysis
points in Figure 2(a)) and O, s welds (S1, S2, and S3
analysis points in Figure 2(e)). In this figure, it can also
be observed that whereas high amounts of CuAl, and
CuyAly are present on the rough and irregular top layer
of the O¢ weld (Figure 3(a)), no intermetallic structures,
or even significant amounts of copper, were identified on
the surface of the O, 5 weld (Figure 3(b)). These results
suggest that, in addition to welding parameters,””! and

tool geometry,'¥ tool offsetting also has a strong
influence on intermetallic phases formation, deeply
influencing welds morphology and surface finishing.

B. Failure Analysis

Although tool offsetting revealed to be an effective
way of solving one of the most important concerns in
Al/Cu friction-stir welding, i.e., the formation of very
irregular intermetallic-rich surfaces, the industrial inter-
est of this welding strategy strongly depends on its
effectiveness in providing welds with acceptable

O, Weld Surface
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Fig. 3—X-rays diffractograms acquired on the surface of the Og (a) and O, s (b) welds.
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Fig. 4—Pictures of the tested bending specimens.

strength. So, root bending tests were performed using
transverse specimens from all welds. Pictures of the
fractured samples are shown in Figure 4, where it can be
observed that all welds failed for low bending angles,
i.e., approximately 20 deg. Fracture surfaces analysis
revealed important differences in Al-Cu bonding struc-
ture, according to tool offsetting.

Figure 5 shows a macrograph of a fracture surface of
the Oy weld and SEM micrographs of three selected
arcas signalized in that image. Figure 5(a) clearly
illustrates the strong morphological heterogeneity of
the fracture surface. In fact, besides aluminum and
copper zones, with ductile fracture features, illustrated
in Figures 5(b) and (c), respectively, another smooth
region with featureless morphology, which cannot be
associated to any mode of fracture, was identified in the
fracture surface. Figures 5(d) and (e), which illustrate a
backscattered electron (BSE) micrograph and EDS
spectra registered in the featureless zone, show that this
region is composed of aluminum-rich islands (zone 1)
dispersed over an Al/Cu mixed matrix (zone 2).

Analyzing the fracture surfaces of the Oy and O; 3
welds, strong differences in fracture morphology relative
to the Oy weld were depicted. In order to illustrate these
differences, a transverse cross section (Figure 6(a)) and a
macrograph of the fracture surface (Figure 6(b)) of an
0O;3 bending sample are shown in Figure 6. In the
transverse cross section, it can be observed that, at
the bottom of the weld, the crack runs along the
interface between the aluminum matrix and a large
copper fragment. In the fracture surface macrograph
(Figure 6(b)), which corresponds to a longitudinal view
of the weld, it can also be observed large voids
distributed along the bottom of the weld, where the
fracture was initiated, and ductile fracture features in
the aluminum matrix at the top of it. It is also important
to stress that no large areas with featureless structures,
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similar to those observed for the Oy weld, were identified
in the fracture surfaces of the Oy ¢ or O, 3 welds.

Finally, a transverse cross section and a fracture
surface macrograph of the O, 5 bending specimen, which
are also representative of the O ¢ weld failure mode, are
illustrated in Figure 7. From the transverse cross-section
macrograph (Figure 7(a)), it can be observed that the
fracture took place at the advancing side of the weld, at
the interface between the aluminum-rich nugget and the
copper matrix. The SEM fracture surface macrograph,
illustrated in Figure 7(b), shows a very smooth fracture
surface, with very small evidence of ductile failure only
at the top layer of the weld.

C. Discussion

From previous results, it can be concluded that
offsetting the tool relative to the base materials interface
deeply changed the Al/Cu welds morphologies, but it
had no important effect in improving the weld strength.
In fact, despite with different characteristics, severe
discontinuities were detected in all weld-bending sam-
ples fractographs.

Analyzing the cross-section macrograph of the Oy
weld, which is illustrated in Figure 2(a), a dark color
structure inside the nugget was found, corresponding to
a large mixing region extending into the copper side of
it. From Figure 8(a), in which a BSE micrograph
registered in the mixing zone is illustrated, it can be
observed that this region is composed of layers of
copper (white) and aluminum (black) alternated with
copper-rich or aluminum-rich (light and dark gray,
respectively) mixed lamellae. Figure 9(a), which illus-
trates the results of the XRD analysis carried out in
this region (see S1, S2, and S3 analysis points in
Figure 8(a)), confirms the formation of a structure with
highly heterogeneous phase content: pure base materials

METALLURGICAL AND MATERIALS TRANSACTIONS A



Featureless Structure

AlLricher Mi.\jed
Islands

Al/Cu Mixed
Matrix

(d)

Intensity (au.)

0.60

(3

Cu

4

140

Copper Regjéft'; s
e

3 mm

Zonal Zone 2

Intensity (au.)

1.80 KV 0.60 1.00 140 180

(e)

kV

Fig. 5—Optical macrograph of the fracture surface of the Oy weld bending specimen (a), SE micrographs of the aluminum () and copper (c) re-

gions, and BSE micrograph (d) and EDS results (e) registered in the featureless structure.

Fig. 6—Optical macrograph of the transverse cross section (¢) and SE macrograph of the fracture surface (b) of the O, ;3 weld-bending specimen.
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(b)

Fig. 7—Optical macrograph of the transverse cross section (¢) and SE macrograph of the fracture surface (b) of the O, s weld bending specimen.
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Interfacial

Aluminium

(e)

Fig. 8—BSE micrographs registered in the mixing zone of the Oy weld (@), copper fragments vicinity of the Oy weld (b), nugget’s composite-like

structure (¢) and aluminum/copper interface zones (d, ¢) of the O, s weld.

composition (face-centered cubic [fcc] Al and fcc Cu)
and significant amounts of aluminum-rich (CuAl,) and
copper-rich (CugAly) intermetallic phases. The rich
intermetallic content of the nugget of the O, weld agrees
well with the bimetallic composition of the featureless
structure observed in the fractograph of this weld
(Figure 5(a)). Based on the aluminum-rich chemical
composition of the featureless surface (Figure 5(e)), it is
expected that significant amounts of aluminum-rich
phases, such as CuAl, and/or Al/CuAl,, compose this
structure. The low melting temperature of these phases,
which, according to a previous FSW study from Ouyang
et al" are close to the Al/Cu FSW peak temperatures,
point to the fluidization of the intermetallic phases
being formed during welding. The strong differences in

5102—VOLUME 43A, DECEMBER 2012

physical and mechanical properties between the inter-
metallic structures, flowing downward around the pin,
and the base materials dragged by it, gave rise to
metallurgical discontinuities corresponding to the
smooth morphology of the featureless surface observed
in the macrograph of Figure 5(a). It is also important to
stress that, although extremely high hardness values
have been registered in the intermetallic-rich structures
present in the nugget of the Oy weld, as illustrated in
Figure 10(a), no brittle cleavage type failure was regis-
tered for this joint, contrary to that referred by previous
studies on dissimilar FSW.-1¢!

Unlike that observed for the O, weld, no featureless
smooth surface was observed in fractographs of the
welds produced with small tool offsetting values (Og ¢

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 9—X-ray diffractograms acquired in the nugget of the Oy (a) and O, s (b) welds.

and O; 3 welds). Instead, the fracture surface analysis
indicated the presence of large voids aligned with the
interface of the large copper fragments dispersed
inside the nugget, which can be observed in Figures 2(b)
and (c). In fact, since the incorporation of copper, which
was placed at the advancing side of the tool, in the shear
layer is promoted almost exclusively by the pin,*!” tool
offsetting promotes an important decrease of the
amount of copper dragged by the tool during welding.
The very hard copper clusters being dragged inside the
softer aluminum matrix (Figure 10(b)) also have a sharp
geometry, which makes material filling around them
very difficult and promotes the formation of very large

METALLURGICAL AND MATERIALS TRANSACTIONS A

discontinuities at the interface of the copper clusters, as
illustrated in Figure 8(b). Similar results have already
been reported by Xue et al® and Esmaeili er al"® in
AA 1060/copper and AA 1050/brass FSW, respectively.
So, it can be concluded that although using small values
of tool offsetting has reduced the interaction of both
base materials, which inhibited the formation of high
amounts of intermetallic phases, no improvements in
Al/Cu bonding were achieved.

For the O, 9 and O, 5 welds, whose cross sections are
illustrated in Figures 2(d) and (e), it was already
concluded that the amount of copper dragged by the
pin is much lower than in previous welding procedures.
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Fig. 10—Hardness measurements registered in cross-section struc-
tures of the O (a) and Oy ¢ (b) welds.

Specifically, a composite-like structure, composed of
very small-sized copper particles homogeneously scat-
tered in the aluminum matrix side of the nugget/copper
interface, was detected in the nugget of the O, 5 weld, as
illustrated in Figure 8(c). This figure shows that large
tool offsetting avoided dragging of large copper parti-
cles. Figure 9(b) illustrates the results of the XRD
analysis carried out in the nugget of the O, s weld (see
S1, §2, and S3 analysis points in Figure 8(c)). From the
difractogram, it can be observed that in good agreement
with that registered for the weld surface (Figure 3(b)),
very low intensity CuAl, and CuyAl, diffraction peaks
were registered in the nugget of this weld. In fact, tool
offsetting avoided intense material interaction and the
generation of large mixing volumes with atomic con-
centrations suitable for the formation of aluminum or
copper-rich intermetallic phases.*!

Finally, Figures 8(d) and (e) illustrate, for both the
0,9 and O, 5 welds, the nugget/copper interface char-
acteristics. It can be observed that no thin and contin-
uous intermetallic layer, indicating the metallurgical
continuity suggested by Xue er al'” and Genevois
et al" was observed all along the nugget/copper inter-
face. In fact, although some localized interfacial zones
presenting metallurgical continuity have been identified,
in which very small copper particles were intercalated
with aluminum-rich material and nanosized intermetal-
lic lamellae (Figure 8(d)), most of nugget/copper inter-
facial region is composed of zones with sharp Al/Cu
transitions, with no signs of base materials interaction
(Figure 8(e)). Actually, important interfacial gaps were
often observed in the sharp Al/Cu transition zones,
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pointing to metallurgical discontinuity between both
base materials. This enables to conclude that thermally
activated interdiffusion referred by several authors did
not occur in most of aluminum/copper interfacial area.
As a result, no joining took place between both base
materials, which gave rise to the smooth fracture
interface shown in Figure 7. Effectively, under the
complex material flow and deposition phenomena tak-
ing place during FSW, it will be of extreme difficulty to
control the formation of a uniform and continuous thin
intermetallic layer all along Al/Cu interface.

Several welding conditions have already been tested,
by the authors, in aluminum to copper FSW, in order to
better understand the material flow mechanisms and the
metallurgical phenomena taking place during the joining
of these metals. Effectively, the authors intend to achieve
a suitable window of welding conditions for joining
aluminum to copper by FSW. These study results intend
to illustrate the influence of a particular ‘“‘process
parameter,” the tool offsetting, on aluminum to copper
friction-stir welding results. For that reason, all other
process parameters were set constant.

IV. CONCLUSIONS

From the current study, it can be concluded that
offsetting the tool from base materials interface inhibits
the formation of Al/Cu intermetallic phases during
welding, which have strong influence on surface mor-
phology and mechanical properties of the welds. As a
result, welds with excellent surface finishing were pro-
duced. Nevertheless, no significant improvements in
mechanical properties of the welds were achieved. In
fact, independently of tool offsetting, the formation of
important metallurgical discontinuities seriously com-
promised the strength of all welds.
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A heat-treatable (AA 6082) and a non-heat treatable (AA 5083) aluminium alloys were friction stir lap
welded to copper using the same welding parameters. Macro and microscopic analysis of the welds
enabled to detect important differences in welding results, according to the aluminium alloy type.
Whereas important internal defects, resulting from ineffective materials mixing, were detected for the
AA 5083 /copper welds, a relatively uniform material mixing was detected in the AA 6082/copper welds.
Micro-hardness testing and XRD analysis also showed important differences in microstructural evolution
for both types of welds. TEM and EBSD-based study of the AA 5083 /copper welds revealed the formation
of submicron-sized microstructures in the stirred aluminium region, for which untypically high hardness

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Despite the large number of potential industrial applications of
aluminium/copper (Al/Cu) hybrid components, in practice, the use
of this metallic couple remains limited. The different physical and
mechanical properties of both metals, as well as its chemical affinity
attemperatures higher than 120 °C, which often results in extensive
brittle intermetallic phases formation during welding, make the
joining of these two materials very difficult. Although some success
in Al/Cu joining has already been achieved by friction and explosion
welding, strong restrictions in the thickness of the welded plates
and joint geometry limit the wider application of these processes.

Friction stir welding (FSW), a welding technology, which,
although has initially been developed for Al-alloys, soon spread
to many other materials and materials combinations, renewed the
hope of joining aluminium to copper for a large range of plate
thicknesses and varied joint geometries (Cam, 2011). In this tech-
nology, a stirring tool composed of suitable designed shoulder and
pin, which protrudes from the base of the tool shoulder, is pressed
against plates to be welded and moves along them. The heat caused
by the friction between the tool and the workpiece results in intense
local heating that does not melt the plates to be joined, but severely
deforms the material around the tool. The production of welds by
plastic deformation, at temperatures below the melting temper-
ature of the base materials, is viewed as an interesting way for

* Corresponding author. Tel.: +351 239 790 700; fax: +351 239 790 701.
E-mail address: dulce.rodrigues@dem.uc.pt (D.M. Rodrigues).

0924-0136/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jmatprotec.2013.05.004

reducing the formation of brittle intermetallic phases during Al/Cu
welding and, consequently, cracking in the joints. Actually, several
works have already addressed dissimilar friction stir welding of
these materials, in both butt and lap joint configurations. However,
Al/Cu friction stir butt welding has been much more explored than
lap joining, for which, so far, only a small number of studies was
conducted.

Elrefaey et al. (2004) were one of the first investigating the feasi-
bility of lap joining of 2 mm-thick AA1100 H24 plates to 1 mm-thick
copper plates. They found that the joint strength strongly depended
on the penetration depth of the pin tip into the copper surface.
The authors observed that the joints showed very weak fracture
loads when the pin did not penetrate in the copper surface. On the
other hand, slight penetration of the pin tip into the copper sur-
face increased the joint strength significantly. Although the level
of bond strength was quite low, it exhibited a general tendency to
increase with a rise in the rotation speed.

Some years later, Abdollah-Zadeh et al. (2008) and Saeid et al.
(2010), in friction stir lap welding of 4 mm-thick AA 1060 to 3 mm-
thick commercially pure copper, pointed out two factors affecting
the welding results, i.e., the amount of brittle and hard intermetallic
compounds and the “cold weld” condition. Whereas the welds pro-
duced under very high heat input conditions (high rotation speed
and low traverse speed) presented formation of brittle intermetal-
lic layers, in which strong micro-cracking takes place, the welds
carried out under low heat input conditions (low rotation speed
and high traverse speed) displayed incompletely welded interfaces.
According to the authors, the optimum welding results should be
achieved by adjusting rotational and traverse speed values.In 2011,
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Xue et al. (2011) reported the beneficial effect of using a large
pin diameter for friction sir welding AA 1060 aluminium alloy to
commercially pure copper plates, both of 3 mm-thick. According
to the authors, a larger diameter pin gives rise to a larger bonding
area, which inhibits more effectively the cracks propagation dur-
ing mechanical testing, enhancing the bonding strength of the Al/Cu
interface.

More recently, Akbari et al. (2012) analysed the effect of base
materials positioning on friction stir lap welding of 2 mm-thick
plates of AA 7070 aluminium alloy to commercially pure copper.
Welds produced with the aluminium alloy located on the top of
joint and the copper at the bottom, as well as welds carried out
with the reverse base materials positioning, were studied by the
authors. It was observed that, under similar welding conditions,
the strength of the joints produced with the aluminium plate on
the top was higher than that of the welds carried out with the
reverse materials positioning. According to Akbari et al. (2012),
the influence of the base materials positioning on the mechani-
cal properties of the joints is closely related with the way how it
affects the heat input during welding. Effectively, the authors con-
cluded that the higher strength of the welds produced with the
aluminium plate on the top of the joint is mainly influenced by the
higher peak temperatures reached during welding with this plates’
positioning.

In the same year, Firouzdor and Kou (2012) compared the results
of AA 6061/commercially pure copper friction stir lap welding car-
ried out by using two different welding procedures, which were
called “conventional” and “modified” friction stir lap welding. In
conventional welding, the 1.6 mm-thick AA 6061 aluminium alloy
plate was placed at the top of the lap joint and the copper plate,
with the same thickness, was placed at the bottom. On the other
hand, in modified lap welding, the 1.6 mm-thick plates were posi-
tioned in the reverse way, i.e., the copper plate was placed at the
top and the aluminium plate at the bottom. Furthermore, a smaller
AA 6061 aluminium alloy plate was butt welded to the copper at
the top of the joint, with a slight pin penetration into the bottom
sheet. In butt welding, the pin was shifted into aluminium plate,
which was positioned at the advancing side of the tool. As a result
of their study, the authors found that modified lap FSW significantly
improved the quality of the Al/Cu friction stir lap welds. In fact, for
specific values of rotation and traverse speed, the joint strength
and the ductility of the “modified” welds was about twice and five
to nine times higher, respectively, than those of the “conventional
welds”. Firouzdor and Kou (2012) also observed that voids were
no longer present along the Al-Cu interface as in conventional lap
welds, which shifted the location of fracture in tensile testing from
along the interface to through Cu.

This year, Bisadi et al. (2013), in friction stir lap welding of
2.5 mm-thick AA 5083 to 3 mm-thick commercially pure copper
sheets, claimed, in good agreement with Abdollah-Zadeh et al.
(2008) and Saeid et al. (2010), that extreme welding temperatures
give rise to defective joints. The authors observed channel-like
defects near the sheets interface, for very low temperatures, and
cavities at the interface of stirred aluminium particles and the cop-
per, for high welding temperatures. According to the authors, high
welding temperatures lead to higher aluminium diffusion to the
copper sheet, which makes that aluminium particles are forced into
the copper sheet and, after quenching, some cavities are formed at
the interface of the particles and the copper matrix. Besides the high
temperatures, the different melting temperatures and contraction
coefficients of both materials are pointed by the authors as the main
factors on the basis of this type of defect. It was also reported that,
for the range of welds tested, the hardness values of the stirred alu-
minium alloy were considerably lower than that of the aluminium
base material, contrary to the stirred copper hardness, which was
in over-match relative to the base material.

50 mm.min’

Fig. 1. Schematic representation of Al/Cu friction stir welding.

Excepting the works conducted by Akbari et al. (2012) and
Firouzdor and Kou (2012), in all other studies presented above, the
aluminium plates were positioned at the top of the Al/Cu lap joint
and the copper plates at the bottom. Aluminium to copper friction
stir lap welding with reverse plates positioning, enabling the join-
ing of very thin copper plates to thicker aluminium plates remains
deeply unexplored. This joint configuration, which, for example,
enables copper cladding over small areas, has high technical and
economic interest. Furthermore, most of the reported works were
focused on welding of copper to commercially pure aluminium
(1xxx aluminium series). Effectively, so far, only few works have
already addressed friction stir lap welding of copper and aluminium
alloys of other series with high industrial applicability, such as 6xxx
and 5xxx aluminium series. In this context, dissimilar friction stir
welding of 1 mm-thick copper-DHP plates to 6 mm-thick AA 5083-
H111 and AA 6082-T6 aluminium alloys plates, with the copper
plate located at the top of the joint, was carried out in present
work. The influence of the base materials intrinsic properties on
Al/Cu friction stir weldability, which has never been investigated,
was studied by performing a deep structural and mechanical char-
acterisation of the welds.

2. Experimental

Copper-DHP (R240) was friction stir lap welded to two different
aluminium alloys, the heat treatable AA 6082-T6 and the non-heat
treatable AA 5083-H111 alloy, in a MTS I-Stir PDS equipment. As
illustrated in Fig. 1, the 1 mm-thick copper-DHP plates were placed
at the top of 6 mm-thick plates of each aluminium alloy, being
clamped againstit. Welding was carried out with a tool composed of
a9.5 mm-diameter conical shoulder, with an 8° cavity, and a 3 mm-
diameter and 1 mm-long cylindrical probe, which is schematically
represented in Fig. 2. In order to study the effect of the aluminium

Fig. 2. Friction stir welding tool.
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alloy type on welding results, all welds were conducted using the
same welding parameters, namely, rotational and traverse speeds
of 600 rpm and 50 mm min~!, respectively, tool tilt angle of 0° and
tool axial load of 4.5kN. In this way, the nomenclature adopted
in the text for labelling the different welds will identify the only
variable welding condition, i.e., the aluminium alloy. So, copper-
DHP/AA 5083-H111 and copper-DHP/AA 6082-T6 welds will be
identified by the acronyms W5 and W6, respectively.

After welding, a qualitative macroscopic inspection of the weld
surfaces was performed by means of visual inspection. Transverse
cross-sectioning of the welds was performed for metallographic
analysis. The samples were prepared according to standard met-
allographic practice and differentially etched in order to enable
the analysis of the microstructural transformation induced by
welding. Metallographic analysis was performed using optical
microscopy, in a ZEISS 100 HD equipment. The microstructure of
some selected welds was also analysed by transmission electron
microscopy (TEM) and electron backscatter diffraction (EBSD) in
a FEI Tecnai G2 S-Twin and a FEI Quanta 400FEG ESEM/EDAX
Genesis X4M microscopes, respectively. Microhardness measure-
ments were performed using a Shimadzu Microhardness Tester,
with 200g load and 15s holding time. Micro X-ray diffraction
and electron probe micro analysis (EPMA) were performed in
the cross-section of the welds using a PANalytical X'Pert PRO
micro-diffractometer and a Cameca Camebax SX50 apparatus,
respectively.

3. Results
3.1. Welds structure and morphology

Images of the surfaces, cross-section macrographs and micro-
graphs registered in some selected cross-section areas of W5 and

W6 welds are illustrated in Figs. 3 and 4, respectively. Significant
differences in surface finishing can be observed by comparing the
surface photographs in Figs. 3a and 4a. In fact, whereas the W5
weld presents a very smooth surface composed of regular and
well-defined striations, similar to those obtained in similar cop-
per friction stir welding by Galvao et al. (2013), signs of significant
tool submerging and formation of massive flash are observed at the
surface of the W6 weld. It is important to stress that, although both
welds have been carried out under the same welding conditions,
the W6 weld surface presents defects usually associated to exces-
sive heat input during friction stir welding. This result is in good
agreement with Leitdo et al. (2011), who studied the influence of
base materials properties on defect formation during AA 5083 and
AAG6082 aluminium alloys FSW.

Comparing the cross-section macrographs of both welds, dis-
played in Figs. 3b and 4b, for cooper etching, and in Figs. 3c and 4c,
for aluminium etching, important differences in the structure and
morphology of the bonding area, where the top and bottom mate-
rials interact, can also be observed. Fig. 3b and c, which display the
cross-section of the W5 weld, show that the Al-Cu interaction zone
of this weld is restricted to the pin influence zone, where a very fine
recrystallized grain structure is discernible for both base materi-
als. Very small evidence of material stirred by the shoulder can be
observed at the top of the weld in Fig. 3b, indicating that the shoul-
der influence zone was restricted to the top surface of the copper
plate. The totally inefficient mixing, between aluminium and cop-
per, gave rise to a large discontinuity between both base materials,
preventing the effective joining of the plates. Actually, according
to Fig. 3, coupling between the two materials only occurred at
the advancing side of the tool where the aluminium was pushed
upward, into the copper plate.

The cross-section macrographs of the W6 weld are shown in
Fig. 4b and c. From the pictures, it can be concluded that the Cu/Al

-
»

5 mm

Shoulder Zone

A4 5083-HIIT

500 pm

Shoulder Zone

Pin Zone

Pin Zone

Fig. 3. Surface photograph (a); copper (b) and aluminium (c) etched cross-section macrographs and micrograph of the aluminium stirred zone (d) of the W5 weld.
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Shoulder Zone

(b)

Pin Zone

Shoulder Zone

(d)

TR
Mixing Structures.

Fig.4. Surface photograph (a); copper (b) and aluminium (c) etched cross-section macrographs and micrographs of the under shoulder copper structure (d) and of the mixing

structures (e) of the W6 weld.

interaction volume for the W6 weld is significantly larger than that
observed for the W5 weld. The picture in Fig. 4b also shows the
presence of awell-defined shoulder influenced zone, encompassing
the entire copper plate’s thickness. This is also enhanced in Fig. 4d
where deformed copper grains are discernible across the entire
plate thickness. This enables to conclude that, under the same axial
loading conditions, a larger amount of copper was dragged by the
shoulder for the W6 weld than for the W5 weld. In good agreement
with this, as illustrated in Fig. 4e, strong base materials interaction
took place during W6 welding, resulting in the formation of mixing
structures with morphology similar to those observed by Galvao
etal.(2011)and Galvao etal. (2012) in Al-Cu friction stir butt weld-
ing. In fact, a complex mixing structure composed of copper and
aluminium intercalated with lamellae of material morphologically

different of both base materials, which, according to these authors,
have intermetallic-rich phase composition, is discernible in Fig. 4e.

However, in spite of a more efficient base materials mixing than
in W5 welding, which points to a stronger interaction between both
base materials, some internal defects were also observed for the
W6 weld, specifically, micro-discontinuities embedded in the mix-
ing structures of Fig. 4e. It is important to stress that these defects,
besides presenting different morphology, are significantly smaller
than those observed for the W5 weld. Non-uniform base materials
mixing, which should result in the appearance of small discon-
tinuities, as well as the strong brittleness of new Al-Cu phases,
formed during welding, should have some influence on material
flow, giving rise to this type of defects. According to Abdollah-
Zadeh et al. (2008) and Saeid et al. (2010), cracking incidence in
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Fig. 5. Hardness profiles registered across the transverse cross-section of the W5
(a) and W6 (b) welds.

intermetallic-rich zones is one of the main causes for the prema-
ture failure of dissimilar Al-Cu friction stir welds. This way, it can
be concluded that stronger base materials mixing during dissimilar
Al-Cu welding does not necessarily mean sound joining.

Fig. 5 shows hardness profiles registered across the transverse
sections of W5 (Fig. 5a) and W6 (Fig. 5b) welds. Each graph shows
the results of hardness measurements performed along horizontal
planes located in the top (copper) and bottom (aluminium) plates,
as illustrated by the horizontal lines plotted in the cross-section
pictures included in the figure. The average hardness of the base
materials is also indicated in the graphs by short lines, located at
each side of the hardness profiles. According to the figures, whereas
for the W5 weld an important increase in hardness was registered
for both the AA 5083 (W5 Al) and copper (W5 Cu) stirred zones, for

183 HY,,

1031V,

the W6 weld, the hardness increase was restricted to the upper cop-
per layer (W6 Cu), being registered a smooth hardness decrease in
the stirred AA 6082 aluminium alloy (W6 Al). For the W5 weld, fur-
ther hardness measurements, performed closer to the stirred Al-Cu
interface (~125 wm from the bonding discontinuity), as illustrated
in Fig. 6, allowed observing the existence of an important hardness
gradient inside the AA 5083 stirred volume. The hardness values
measured in this zone, which range from 158 HVy, to 215HV 5,
are higher than those of the W5 Al hardness profile in Fig. 5a and
much higher than the hardness values reported by Hirata et al.
(2007), El-Danaf et al. (2010) and Tronci et al. (2011), in similar AA
5083 friction stir welding/processing, and by Bisadi et al. (2013), in
dissimilar AA 5083/copper FSW.

Two main factors can be related to the very important, and non-
expectable, hardness increase inside the stirred volume of the W5
weld: one is the intense grain refinement which can be noticed
inside the stirred volumes displayed in Fig. 3b-d, the other is the
formation of new Al-Cu phases, either solid solution phases or
intermetallic compounds, inside the stirred volume, as previously
reported by Ouyang et al. (2006) and Galvao et al. (2011). The same
phenomena should be associated with the hardness increase regis-
tered in the upper copper layer of the W6 weld. In opposition to this,
the hardness decrease registered inside the AA 6082 stirred volume
is undoubtedly related to the heat-treatable nature of this alloy. As
well-documented in previous studies, such as in Svensson et al.
(2000), the hardness of this material is determined by the size and
dispersion of strengthening precipitates rather than by the grain
size. The dissolution of strengthening phases in the stirred zone
and coarsening of strengthening particles in the heat affected zone
are the main causes for the hardness losses in this alloy.

In order to understand the sharp hardness increase inside the
stirred volumes of the W5 and W6 welds, XRD analyses were
accomplished enabling to determine the phase content in the high-
est hardness zones of both welds. For the W5 weld, the area ana-
lysed corresponded to the refined aluminium layer, in the vicinity
of the Al-Cu interface (see S1, S2 and S3 points in Fig. 6). For the W6
weld, the area analysed was located inside the stirred/mixing mate-
rial region (see S1, S2 and S3 points in Fig. 4e). The diffractograms
obtained for the W5 and W6 welds are displayed in Fig. 7. Accord-
ing to the diffractogram corresponding to the W5 weld (Fig. 7a), the
only phase detected in the area analysed was f.c.c. AL In order to
complement the XRD results for the W5 weld, the elemental chem-
ical composition of the refined aluminium layer was also inves-
tigated by performing electron probe microanalysis (see EPMA
analysis zone in Fig. 6). From Fig. 8, where the results of this analysis
are displayed, it can be concluded that only Al and small amounts of
Mg and Mn, which are the main alloy elements of the AA 5083 alloy,
were identified in this zone, which is in good agreement with the
XRD results. In this way, it is possible to conclude that the forma-
tion of new Al-Cu intermetallic phases during welding is not on the

196 HV

187 HV,5,

Fig. 6. Hardness values registered in the aluminium stirred region of the W5 weld, in the vicinity of the Al-Cu interface.
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Fig. 7. Results of the XRD inspection carried out in the stirred zone of the W5 (a) and W6 (b) welds.

basis of the strong hardness increase (from 85 HV(5 to 215HVj3)
registered in the refined aluminium layer. On the other hand, for
the W6 weld (Fig. 7b), for which intense material mixing inside the
stirred volume can be observed in Fig. 4, and very high hardness
values were also registered (~400 HVy ), the XRD analysis enabled
to identify the presence of important amounts of CugAl, and small
amounts of CuAl,, which are responsible for the hardness increase.

4. Discussion
4.1. Influence of the aluminium alloy type on the welding results

Since both weld types analysed in this work were carried out
under the same welding conditions, a strong influence of alu-
minium alloys type on welding results has to be pointed. Actually,
Leitdo et al. (2012a,b) have already addressed the influence of the
markedly different mechanical behaviours of the AA 5083 and
the AA 6082 aluminium alloys, at high temperature and strain
rates, on the friction stir weldability of both alloys. According to
these authors, whereas the AA 6082 aluminium alloy experiences
strong softening with plastic deformation at increasing tempera-
tures, which is traduced by a strong decrease of the flow stresses of
the material with plastic deformation, the AA 5083 alloy presents,

at high temperatures, steady flow stress behaviour. As a result of
this, under the same axial load during FSW, the higher thermal soft-
ening experienced by the AA 6082 alloy led to further submerging of
the tool during welding, relative to the 5083 alloy, which resulted in
the strong deepening and massive flash formation observed at the
surface of the W6 weld (Fig. 4a). The higher tool submerging during
AA6082/copper-DHP welding also resulted inincreased amounts of
copper and aluminium being dragged by the shoulder and the pin,
respectively, into the shear layer at each tool revolution. The strong
pin-governed base materials mixing at the shear layer resulted in
the formation of the mixing structures observed in the stirred zone
of the W6 weld (Fig. 4e). As opposed to this, for the W5 weld, the
significantly smaller volume of copper dragged by the tool, at each
revolution, as well as the less efficient material dragging promoted
by the pin in the AA 5083 alloy, prevented strong base materials
interaction in the shear layer, which resulted in the formation of a
discontinuous aluminium/copper interface in the stirred zone.

4.2. Microstructural evolution of the AA 5083 aluminium alloy
during welding

Hardness values in the range of 200 HVy, were registered in
the refined aluminium region of the W5 weld. Taking into account
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Fig. 8. Qualitative chemical analysis (EPMA) carried out in the stirred aluminium
region of the W5 weld, in the vicinity of the Al-Cu interface.

that, according to Figs. 7a and 8, no Al-Cu phases were formed in
that zone, this hardness increase may be considered surprisingly
high. In order to understand this phenomenon, a deep TEM and
EBSD-based microstructural study of the W5 weld was performed.

Results of the TEM analysis carried out in the stirred aluminium
region of the W5 weld, where the hardness profile of Fig. 5a
was registered, are illustrated in Fig. 9a. It can be observed that
equiaxed submicron sized grains, with well-defined grain bound-
aries and low dislocations density, compose the microstructure of
the stirred aluminium region. A histogram representing the grain

14.am75.im3.260712,tif
Print Mag: 66800x@7.0 in

500 nm
Direct Mag: 9900x

(b)

Grain Fraction (%)

I. Galvao et al. / Journal of Materials Processing Technology 213 (2013) 1920-1928

size distribution in this zone, plotted after performing hundreds of
grain measurements over several TEM micrographs, is illustrated
in Fig. 9b. The histogram shows an average grain size of 325 nm
(£90 nm), with most of the grains ranging between 150 nm and
450 nm. Previous metallographic analysis (Fig. 3d) enabled to deter-
mine an average grain size of 24 um for the AA 5083 base material.
The dynamic recrystallization taking place during FSW promoted
the formation of an ultrafine-grained microstructure reported in
Fig. 9.

The microstructure of the stirred aluminium layer was also
studied by EBSD. Fig. 10 illustrates EBSD patterns acquired in two
different zones of the W5 weld, i.e., in the hard aluminium layer
(Fig.10a) and in the AA 5083 base material (Fig. 10b). Important dif-
ferences can be observed by comparing both pictures. Effectively,
contrary to that observed in the base material electron backscatter
patterns (EBSPs), patterns overlapping can be observed in Fig. 10a,
which corresponds to the analysis carried out in the stirred zone.
According to Maitland and Sitzman (2007), the overlapping phe-
nomenon takes place at grain boundaries when the electron beam
diameter is large enough to produce EBSPs from two grains simul-
taneously. Since the achievable resolution of EBSD for aluminium is
typically ~50 nm (Humphreys, 2004), patterns overlapping should
indicate the presence of nano grains in the hard aluminium layer,
with a grain size value in the range of the technique resolution. This
value is about seven times lower than the TEM-based grain size.
Effectively, the EBSD analysis was performed in an aluminium layer
located in the vicinity of the Al/Cu discontinuity (see EBSD analysis
zone in Fig. 6), contrary to the TEM analysis, which was carried out
at middle thickness of the aluminium stirred region. The grain size
differences point to the existence of a grain size gradient across
the thickness of the stirred zone, which is in good agreement with
the hardness results shown in Figs. 5 and 6. The quite higher grain
refinement and hardness increase in a very thin aluminium layer
in the vicinity of the materials discontinuity are easily explained by
the length of the tool pin used to produce the joints. In fact, during
welding, the pin, whose length is 1 mm, i.e., the thickness of the
top copper plate, performed tangentially to the superficial layer of
the bottom aluminium plate, in which a stronger stirring action was
promoted. As the rate of nucleation of new grains is proportional to
the rate of plastic deformation, more nucleation points are formed

STIRRED AA 5083 G.S. CHARACTERIZATION

Average Grain Size - 325nm

r Standard Deviation - 90 nm

>450

<150 [150-300]  [300-450]

Grain Size (nm)

Fig. 9. TEM micrograph registered in the stirred aluminium region of the W5 weld (a) and the grain size distribution in that zone (b).
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Fig. 10. EBSD patterns acquired in the stirred aluminium layer of the W5 weld, in the vicinity of the Al-Cu interface (a), and in the AA 5083 base material (b).
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Fig. 11. Hall-Petch relationship for ultra-fine grained AA 5083 aluminium alloy. See
refs. (Ajdelsztajn et al., 2005, Bazarnik et al., 2012, Sato et al., 2003, Topping et al.,
2012 and Youssef et al., 2006).

and, consequently, less grain growth took place in this zone, giving
rise to stronger grain refinement and hardness increase.

The improvement of the AA 5083 aluminium alloy mechanical
properties, by creating submicrometer or nanometric grain struc-
tures, has already been explored in several researches from other
authors who used powder metallurgy and/or severe plastic defor-
mation techniques (combined or not with friction stir processing)
to obtain fine grained structures. Results from some of these stud-
ies are resumed in Fig. 11, in which the AA 5083 hardness (HV) is
plotted against the reciprocal of the square root of the grain size
(wm~1/2). The Hall-Petch equation was also fitted to the biblio-
graphical results. Results from current work, namely, the average
hardness values measured in the vicinity of the Al-Cu interface
(190HVp>) and some hundreds of micrometres below, across the
WS5 Alline displayed in Fig. 5a (135 HVj,), were also included in the
graph. From the figure it can be observed that the grain size inside
the AA5083 stirred volume of the W5 weld, obtained using elemen-
tary FSW procedures, is of the same magnitude of that obtained by
other authors under other severe plastic deformation conditions.

The ultra-refined microstructure of the friction stir welded AA
5083 aluminium alloy, which resulted in an impressive hardness

increase in the stirred zone of the W5 weld, is indicative of a very
small thermal-activated grain growth after dynamic recrystalliza-
tion. According to Cui et al. (2009), tool size and rotation/travel
speed ratio have great influence on the grain size of the fric-
tion stir processed microstructures, which decreases for decreasing
values of these parameters as a result of the lower heat input
during welding. The rotation/traverse speed ratio used in present
work is not significantly lower than that tested by Hirata et al.
(2007), El-Danaf et al. (2010), Tronci et al. (2011) and Bisadi et al.
(2013) in AA 5083 or AA 5083/copper-DHP friction stir weld-
ing/processing studies, for which significantly coarser and softer
microstructures were achieved. However, the tool used to produce
the welds is significantly smaller than the tools usually reported
in most of these works. According to Ma and Mishra (2005), lower
values of tool shoulder and pin reduce the thermal input signifi-
cantly because the decrease in the contact area between the tool
and workpiece and the decrease in the linear surface velocity of
the tool. This way, it can be concluded that the very small tool
used in present work, although does not have allowed a suitable
material flow during welding, which resulted in the formation of
important defects at the Al-Cu interface, promoted an impressive
hardness increase in the aluminium alloy due to the formation of
ultra-refined microstructure in this material. This conclusion can
be the starting point for future researches focused on the pro-
duction of sound AA 5083/Cu-DHP friction stir lap welds with
improved mechanical properties. Combining materials’ mechani-
cal enhancement obtained in this study with proper friction stir
welding conditions, which can be achieved by studying a larger
range of welding parameters, is an attractive challenge for future
works. Specifically, the production of mechanically enhanced Al/Cu
cladded components, which combine copper’s thermal and electri-
cal properties with aluminium’s low specific weight and cost, by
performing parallel friction welding passes all along the workpiece
surface is a very interesting topic to be investigated.

5. Conclusions

The influence of aluminium alloy properties on Al/Cu friction stir
weldability was analysed in this study for a specific set of welding
parameters. The following conclusions can be drawn:

e The different plastic properties of the AA 5083 and AA 6082
aluminium alloys, at high temperature and strain rates, have
an important effect on the metallurgical and material flow
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phenomena taking place during Al/Cu welding and, consequently,

on the final properties of the welds;

Whereas the AA 5083/copper-DHP welds presented excellent

surface finishing, but highly defective Al/Cu interfaces, without

any signs of base materials interaction, the AA 6082/copper-

DHP welds displayed poor surface properties, but strong base

materials mixing in the stirred zone;

For the AA 5083/copper-DHP welds, an impressive hardness

increase was registered in the aluminium part of the weld due

to the formation of an ultra-refined microstructure;

e The very small tool used in present work played a decisive role in
the microstructural evolution of the AA 5083-H111 aluminium
alloy during welding.
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