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Preface

Aluminum is the second most plentiful element on the earth and it became a
competition in 19" century. The huge demand of aluminum is projected to get 70
million tons, over 30 millions being obtained from recycled scrap. The scope of
aluminum ranges from household to space vehicles. Dramatic advances in
casting,welding,forming and eco friendly methods of production have made
aluminum and aluminum alloys highly attractive candidate for automotive and
aerospace industry, because of their wide range of attributes such as high strength,
resistance to corrosion, low density, high reflectively, high ductility and proven
reliability. The developments in the last two decades have been revolutionary and well
documented both for wrought, heat treatable and non-heat treatable alloys. New
developments in methods of casting, forming, welding, environmental degradation,
grain refinement and particle size at nano and micro scale have made big impact on
their demand for space and automotive industry.

Despite serious competition from composites, aluminum alloys are still the king in
these industries, as exemplified by 777 Airbus. Aluminium is a very versatile metal
and can be cast in any form, stamped, forged, machine, brazed and resin bonded.

Substantial evidence has been gathered on formability which affects the structural
integrity of the components. The demand on quality and integrity of welding is
increasing on military and commercial aircraft. This includes improved toughness,
lower weight and increased resistance to corrosion fatigue. The progress made in
welding, analysis of different techniques and their impact on micro structural
characteristics has been discussed in several chapters in the hinder the section
“welding, casting and forming”. Ambriz Richardo has discussed this topic whereas
Saravana Kumar has provided valued information on tailored blanks and deep
drawing behavior of aluminum alloys. Because of high plastic strain, levels, rigid
strength requirements and high quality controls are required for forming processes
ranging from single to multiple stage because of increasingly dynamic and
competitive market demands which includes outstanding toughness and a high
resistance to corrosion fatigue. Various casting process such as direct chill casting,
rotary die equal channel angular processing, counter gravity casting and centrifugal
casting is described by Aremo Bolaji, Watazu Akira and others have shown new
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dimensions in the field of casting. Dramatic changes in surface treatment have
proved highly effective in the life cycle of aluminum alloys as shown by Shoja Razavi
Reza, Wierzbinska Malgorzata, Lopez-Cellajas Regulo, Metikas Theodore and
Morwka-Nowotnik Grazyna have added new data to new information.
Improvements in surface topography and stability are only achieved successfully by
combining electrochemistry, microstructures and the role of micro/nano particles new
methods of surface modifications are described by Akbarzadeh Abbas, Timelli Giulio
and Kornev Vladimir. Corrosion is a serious thread to aluminum alloys and
aluminum based metal matrix composites reinforced by silicon carbide. A brief
mechanism of corrosion of composited is given by Zaki Ahmad. Environmental
damages such as corrosion fatigue in aluminum alloys and their mechanism have
been described by Ghazali Mariam and Eichlseder Wilfried. The principle behind the
chapters in book was an analysis of the procedures such as casting, forming, welding
and environmental degradation which have a strong bearing on the integrity of
aerospace structures and automotive. The authors have addressed the problems of
grain refinement, micro segragation, casting defects, crack growth, weld defects to
show to what levels the aluminum alloys have been technically elevated. The
chapters were selected on a rigid criteria of which novelty and new approaches were
the main pillars.

I hope the book would be very useful for practicing engineers, technicians, senior
students and all those interested in aluminum alloys in particular the technical staff of
aerospace, automotive and defense industry. Chapters on casting, welding and others
could be used to support their textbook at a graduate level. This book is profusely
illustrated to make the concepts clear to the readers.

While editing the book I had the problems of shifting from one country other which
prolonged my editing work for which I apologize.

I thank Mr. Mishaal Ahmed (my grandson), Manzar Ahmed, Intesar Ahmed,
Shamsujehan, Huma Sabir and Abida Sultana, they provided me with the mental
support for the work not the least, the spirit of my beloved dead son Intekhab Ahmed
drove me through very hard times while reviewing the chapters.

I am very grateful to KFUPM who gave me the moral support. I am specially indebted
to Dr Faleh Al Sulaiman vice rector of technology at KFUPM, Dr Nasir Ageeli, Mr
Faheemuddin and Mr Abdul Aleem of M.E department of KFUPM. I also thanks Dr
M. Budair rector of Al-Jouf University for his moral support.

In the end I thank the Al Mighty to give me the moral courage to undertake the
responsibility. I am grateful to InTech publisher for giving me the honor of being the
chief editor of this book.
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I would like to finish this preface by the famous saying of Albert Einstein “Any fool
can make things bigger, but it takes a genius to make the things smaller”. I hope this
small book would prove an asset in pursuit of knowledge on aluminum alloys.

Dr. Zaki Ahmad (Professor Emeritus)

C. Eng, UK, FIMMM, UK

King Fahd University of Petroleum and Minerals, Dhahran
Saudi Arabia
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Casting and Forming of Aluminium Alloys






Aluminium Countergravity Casting —
Potentials and Challenges

Bolaji Aremo! and Mosobalaje O. Adeoye?

ICentre for Energy Research & Development, Obafemi Awolowo University, Ile-Ife,
2Department of Materials Science and Engineering, Obafemi Awolowo University, lle-Ife,
Nigeria

1. Introduction

Counter-gravity casting, also called vacuum casting, is a mould filling technique in which low
pressure created inside a mould cavity, causes prevailing atmospheric pressure on the melt
surface to bring about an upward or counter-gravity movement of the melt into the mould
cavity. The process was patented in 1972 by Hitchiner Manufacturing (Lessiter & Kotzin, 2002)
and different variants of the process had evolved over the years. Greanias & Mercer (1989)
reported a novel valve system that could potentially increase throughput by allowing mould
disengagement prior to solidification while Li et al (2007) have developed a multifunctional
system aimed at aggregating different variations of the technology into a single equipment.
The unique mould filling approach of the countergravity casting technique confers on it a
set of unique advantages related to casting economics, defects elimination and attainment of
net-shape in cast products. Such desirous attributes has ensured the growing importance of
the technology, especially in power and automotive applications. A testament to the rising
profile of this casting technique is its adoption in the production of a range of parts such as
compressor wheels for turbo-chargers (TurboTech, 2011), automotive exhaust manifolds
(Chandley, 1999) and a high-volume production (130,000 units/day) automotive engine
Rocker Arm (Lessiter, 2000).

The growing importance of this casting technique in some metal casting sectors
notwithstanding, there is scant awareness and interest in many mainstream casting spheres.
This chapter thus seeks to present a technology overview of the countergravity casting
technique. The shortcomings of conventional processes are highlighted alongside the unique
advantages of the countergravity technique. Challenges of the countergravity technique are
also presented with discussion of efforts and prospects for their redemption.

2. Description of the countergravity casting process

The basic process steps for the vacuum casting process are presented as follows. In the
diagram in figure 1, a preheated investment mould with an integrated down-sprue (fill
pipe) is positioned in the moulding flask.

The sprue, with a conical-shaped intersection point with the rest of the mould, pokes
through and sits in the conical depression of the lock-nut. The “square” fit of the two,
depicted in figure 2, ensures a sealing of the flask interior from the external environment.
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Fig. 1. Typical setup of the countergravity casting process

Fig. 2. Down sprue, with conical base (a) is integrated with the rest of the investment mould
“tree” (c). The assemble rests inside the conical depression of the lock-nut (b)
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The otherwise solid investment mould is made permeable by a single opening at its apex.
This opening effectively connects the mould cavity with the interior space of the moulding
flask, making it an extension of the moulding flask and enabling its evacuation along with
the rest of the flask. The flask lid hosts the casting valve, a connecting hose to the vacuum
system and lid locking mechanism. The electrical resistance furnace melts the aluminium
charge, usually by a superheat of about 40 °C above the melting temperature (660 °C) of
aluminium to reduce melt viscosity and ease melt up-flow into the mould. During
countergravity casting, the moulding flask with the mould assembly inside, is placed on the
furnace lid with the down-sprue poking through a hole in the furnace lid.

The vacuum system evacuates the moulding flask and the ensuing low pressure thus
created causes ambient atmospheric pressure on the melt to push up the molten metal, up
inside the mould. See figure 3.

-} ==

b. Molten aluminium a a. Evacuation of

rises up into the mould ’m_ the moulding flask

)

Fig. 3. The evacuation of the moulding flask (a) also evacuates the investment mould cavity.
This causes molten aluminium to rise up into the mould cavity (b)

Apart from investment material, the mould could be a metal mould or a ceramic mould. The
vacuum system is calibrated so that just the right volume of melt flows inside the mould for
a period long enough for the melt to solidify. The vacuum is released after allowing enough
time for melt solidification in the mould cavity. This allows un-solidified melt along the
sprue length to be flow back into the furnace. The illustration in figure 4 shows the vacuum
being maintained until the cavity is completely filled. Vacuum pressure is then released
causing un-solidified melt in the sprue to flow back into the furnace

3. Conventional techniques and casting defects

Conventional gravity- or pressure-assisted aluminium metal casting techniques like sand
casting, investment casting and die casting are fraught with problems. These include gas
defects, melt oxidation, shrinkage defects and pouring defects. Defects are naturally
undesirable because they can result in low strength, poor surface finish and high number of
rejects in a batch of cast products.
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Fig. 4. The vacuum is maintained until the cavity is completely filled. Vacuum pressure is
released causing un-solidified melt to flow back into the furnace

3.1 Gas defects

Molten aluminium is particularly susceptible to adsorbing significant quantities of hydrogen
gas from atmospheric moisture, which leads to a high concentration of dissolved hydrogen
in the melt. This may be further exacerbated by alloying element like magnesium which
may form oxidation reaction products that offer reduced resistance to hydrogen diffusion
into the melt (Key to Metals, 2010). This causes blow holes and gas porosity which combine
to reduce strength of the cast part. The micrograph in figure 5 shows a blow hole defect, it
can appear at any region of the cast microstructure and is exacerbated by damp mould
materials which give off steam during casting. Figure 6 shows gas porosity defects in an
aluminium casting, these are much smaller than blow holes and tend to form in clusters
around the region of the grain boundaries.

3.2 Melt oxidation

Oxidation of the melt is another severe defect suffered by aluminium alloy castings. The
elevated melt temperature promotes easy oxidation of the aluminium by ambient oxygen.
The aluminium oxide thus formed is an undesirable non-metallic inclusion. Considerable
efforts, through the use of in-mould filters, protected atmosphere, or alloying additions are
often needed to reduce oxide formation and entrainment in the mould.
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Fig. 6. Gas porosity in aluminium casting at 1000x magnification
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3.3 Shrinkage

Shrinkage is the natural consequence of liquid to solid transformation of the melt during
cooling and is common in most metals. Shrinkage is particularly severe in aluminium alloys.
In aluminium alloys, the volumetric shrinkage ranges from 3.5% to 8% (Kaufman and Rooy,
2004). This manifests as shrinkage cavities in larger portions of the casting.

This is often counteracted by strategic placement of risers. Figure 7 shows the typical
appearance of volumetric shrinkage defect in an aluminium section.

Fig. 7. Typical appearance of volumetric shrinkage defect in an aluminium section

3.4 Pouring defects

During pouring of the melt, there is considerable splashing and sloshing about of the melt.
This entrains significant quantities of air and non-metallic inclusions in the mould. Such
entrained material degrades casting quality. This problem is often mitigated by incorporation
of complex gating systems designed using advanced Computational Fluid Dynamics (CFD)
modules. Such casting simulation software is able to predict and avoid bubble streams in
metals castings (Waterman, 2010).

Some of the problems outlined above have been resolved by advancements in pressure die
casting, improved investment casting techniques and centrifugal casting. These techniques
individually solve some, but often not all of the problems with gravity-assisted pour of an
air-melt. For instance, in conventional die casting, melt is sprayed at high velocity into the
die and cavity-atmosphere tends to be admixed and entrapped in castings during the
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turbulent cavity-fill (Jorstad, 2003). The process of air melting and pouring also inevitably
introduces oxides, formed during melting, into the cast product. Significant inclusions
segregation at grain boundaries are thus very common with gravity assisted sand casting.

4. Advantages of the countergravity casting technique

Numerous advantages for metal casters are endemic to the countergravity casting
technique. These may be broadly categorized into defect reduction and elimination and
casting economics.

4.1 Cleaner melt

For aluminium alloys, metal oxides formed and aggregated on the melt surface can be by-
passed by taking clean melt from below the surface. The practice of de-slagging using a
hand ladle or metal rod to scoop the slag layer off the melt surface unavoidably leaves
pieces of slag in the melt which ultimately flows into the mould during casting.
Countergravity casting also results in improved melt cleanliness, due to reduced turbulence
during mould filling (Druschitz and Fitzgerald, 2000).

4.2 Elimination of shrinkage defect

Shrinkage is virtually eliminated in the countergravity casting technique. This is because a
constant supply of fresh melt is maintained in the mould during casting. Hence, as portions
of the mould begin to solidify, the down-sprue is the last to start solidifying. The reservoir
of molten melt in the crucible acts as a riser, ensuring a steady supply of melt into the mould
during solidification. This effectively eliminates the need for risering. Figure 8 shows the
cross-section of a countergravity cast rod. The absence of volumetric shrinkage defect is
evident from the convex meniscus at the top of the rod section.

4.3 Simplified gating system

In the countergravity technique, the gating system is considerably simplified as is depicted
in figure 9. It consists merely of branches of flow channels emanating from the central sprue.
This simplicity is possible because the interior of the mould is actually an extension of the
vacuum system. The high pressure differential between the mould interior and the
atmospheric pressure ensures that the molten metal will completely permeate every cavity
in the mould. Complex in-gates, depending on gravity flow of melt are thus not needed.
This considerably simplifies the mould design.

4.4 Economical
Countergravity technique significantly decreases the amount of gates that must be re-melted
(Flemings et al, 1997). This was actually one of the original goals of the countergravity
technique at its inception. Fettling time and costs are reduced while high quality melt is
judiciously used.

5. Potentials and applications of the countergravity casting technique

The countergravity technique has numerous potentials, derivable from its advanatges over
the conventional metal casting techniques. As such it is gradually making in-roads into
traditional investment casting applications and also in novel materials production.
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Fig. 8. Cross-section of a countergravity cast rod showing the absence of volumetric
shrinkage defect as evident from the convex meniscus at the top of the rod

Fig. 9. An investment mould “tree”, simplified structure is characteristic of the countergravity
technique
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e ;
Fig. 10. Ceramic mould at 400x magnification shows heavy segregation of impurities at the
grain boundaries

Fig. 11. Countergravity cast specimen at 400x magnification. Significant reduction of
impurities at the gain boundaries indicates lesser intake of impurities from the melt
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5.1 Scrap reduction and scrap usage

Due to the intrinsic ability of the casting technique to produce cleaner castings, it is more
adaptable to the use of scraps and foundry returns. These types of foundry feedstock
contain significant admixed impurities like moulding sand and oxide inclusions. Such scrap
metals produce significant slag which float on the melt surface.

The process of taking the melt can actually be used to pump clean metal below the melt
surface. Figures 10 and 11 respectively show the micrographs of gravity-pour ceramic
mould cast samples and countergravity cast samples of scraps of aluminium foundry
returns. The microstructure shows more segregation of melt impurities in the gravity-pour
ceramic mould, while the vacuum cast specimen shows significant reduction in impurities.

5.2 Net-shape casting

The countergravity technique is well suited for producing net-shape cast products. It is
especially suited for thin-walled sections and intricate details due to its excellent mould
filling. This is possible due to the virtual elimination of shrinkage defects in the
countergravity casting technique. Near net-shape castings of even higher temperature
alloys, such as steels are possible. Such has been reported by Chandely et al (1997) in the
production of thin-walled steel exhaust manifolds.

5.3 Improved strength

Countergravity cast products have improved strength over green sand and ceramic
mould specimens. The technique may be thus deployed in the production of high strength
parts hitherto produced by forging. High Counter-Pressure Moulding, a proprietary
variant, has been reported to exhibit the same strength characteristics as forging in alloy
wheel production, at little more than the price of cast wheel (Alexander, 2002).
Countergravity techniques are increasingly becoming the preferred choice for the
production of alloy wheels because of the added advantage of design flexibility over
forging processes. Furthermore, the Cosworth process, which achieves countergravity
melt flow by means of an electromagnetic pump, has been successfully used for high
strength structural components for air frames, gun cradles, and air tanker re-fuelling
manifolds (Bray, 1989).

Griffiths et al (2007) observed that countergravity filling method produced higher values of
the Weibull modulus than conventional gravity mould filling methods. This is a pointer to
the reduced variability of strength achievable in the countergravity technique.

5.4 Economical use of melt

There are often considerable wastages of melt in more conventional casting techniques due
to provisions made for risering and complicated in-gates.

This also results in considerable fettling time and costs. Such wastages are virtually
eliminated in countergravity casting since there is no need for risers and complex in-gates
are not necessary.

5.5 Production of metal matrix composites
Use of the countergravity casting technique is gradually branching into novel materials
production. An emerging field of application is the production cast Metal Matrix
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Composites (MMC) which can be cast into complex, intricate geometries. These materials
have found applications in diverse fields, from high quality reflective mirrors to optical
and laser equipment (O’Fallon Casting, 2009). There has been increased interest in the use
of cast aluminium/silicon carbide MMC for optoelectronics packaging due to its
compatible coefficient of thermal expansion, high thermal conductivity, and potential to
produce parts at low cost (Berenberg, 2003). In ring laser gyros, these MMCs are
displacing traditional favourites like beryllium and stainless steel in the production of
dimensionally stable mirrors that can withstand extreme thermal cycling (Mohn and
Vukobratovich, 1988).

6. Challenges and limitations of countergravity casting

The afore-mentioned advantages notwithstanding, the process has some challenges militating
against its wide-spread deployment.

6.1 Equipment cost

Spada (1998) reported the cost of countergravity mould and handling equipment to be
typically between $50,000 to $1.25 million depending on complexity. Present day prices
would naturally be much higher. This is so because the proper utilisation of a
countergravity casting equipment requires an ecosystem of support facilities. These include
high-temperature mould pre-heating ovens, mould and moulding flask positioning units,
and sophisticated vacuum control systems. These added facilities add to the cost of setting
up and operation of the technique. In some instances, licensing fees may also apply, further
raising up the cost.

6.2 Size restriction of products

Countergravity casting is typically restricted to smaller sized components, usually less than
50 kg. This is because the moulding flask tend to be small, to allow for proper operation of
the vacuum system. Larger flasks are more difficult to evacuate and maintain at desired
partial vacuum.

6.3 Mould and sprue pre-heat temperature

It is essential for the mould and the sprue to be adequately heated prior to carrying out
countergravity casting. The pre-heat prevents chilling of the melt as it flows up from the
crucible. Improperly pre-heated sprue and mould will cause increased melt viscosity and a
tendency for the melt to get stuck in the sprue or incomplete mould filling. Figure 12 shows
premature solidification of melt inside the sprue due to inadequate pre-heat of the mould
and sprue assembly.

6.4 Vacuum control

Proper control of vacuum pressure is paramount in countergravity casting. Too much
vacuum will result in splatter of melt inside the moulding flask due to over-filling of the
mould cavity. Loss of vacuum during casting is also a real problem for countergravity
technique. This may be caused by improperly closed lid, damage to or cracks in the
moulding flask, or a poor seal between the recess of the lock-nut and the conical connection
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point of the sprue on the mould. These non-ideal, but very real instances may require a
more interactive vacuum system, wherein pressure feedback is used to constantly adjust the
flask vacuum pressure.

6.5 Melt contamination by reusable sprue

An effort to bring down overall system costs have led to the use of re-usable sprues. These
are usually in the form of metallic pipes. Re-usable sprues must however be used with
caution because of the tendency of accumulated impurities in the sprue channel to
contaminate the melt.

Fig. 12. Premature solidification of melt inside the sprue due to inadequate pre-heat

7. Benefits of countergravity casting

Some of the advantages highlighted for the countergravity casting technique may be
achievable in other, more conventional processes. However, the countergravity technique
provides a more complete solution. The process easily lends itself to automation for large
scale production; while at the same time can be scaled down for small-scale and jobbing
applications.
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The possibility of more economical use of the melt is good for the bottom line of foundry
operation and was actually the original goal of the countergravity technique. This has
motivated a growing list of companies and industrial sector to adopt the technology.

The combination of precision near net shape and strength has resulted in countergravity die
casting being used to produce parts formerly made of steel that required a significant
amount of secondary machining (Aurora Metals LLC, 2009).

Net shape casting, particularly for thin sections is easily achievable in countergravity
casting. Countergravity cast part may have walls as thin as 0.5 mm (National Institute of
Industrial Research, 2005).

In order to make the benefits of this casting technique more accessible, low-cost
countergravity equipment have been developed. A low-cost design developed by the
authors is presented in figure 13.

The design utilizes a simplified vacuum control system and manual positioning of mould
and moulding flask. Such low cost alternatives would be invaluable for small scale
operations.

Fig. 13. A low-cost machine for countergravity casting

Size restrictions have been tackled by many recent designs. Jie et al (2009) reported a system
using compressed air to assist the up-flow of melt for large-sized castings. The Check Valve
(CV) process is has been developed Hitchiner for larger sized casting. This allows for
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portions of the melt in the down sprue to be returned to the furnace whilst keeping the
portion delimited by the valve in the moulding flask.

Vacuum control in countergravity casting has benefited significantly from advances in
control technology and instrumentation. Li et al (2008) demonstrated a pressure control
system based on fuzzy-PID control and a digital valve system and achieved pressure error
of less than 0.3 KPa. Other workers such as Khader et al (2008) have carried out extensive
system modelling of the countergravity casting machine with the goal of developing an
automatic controller for control of machine operation.

8. Conclusion

Metal casting is several millennia old, and yet it continues to evolve both in areas of
applications and in the technologies of implementation. The increasing relevance of
aluminium alloys in modern technology, from power applications to consumer products,
makes it imperative to seek better, more cost-effective production routes.

The countergravity casting technique is an ingenious method for production of aluminium
parts. The numerous permutations and mutations of this technique over the last four
decades is a testament to its feasibility and flexibility; and a recognition of its inherent
advantages. Aluminium alloy castings stand to benefit immensely from the unique
attributes of the countergravity technique because the goals of net-shape casting and
superior mechanical properties are truly achievable via this method.
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1. Introduction

Cast Al-Si-Cu-Mg and Al-Cu-Ni-Mg alloys have a widespread application, especially in the
marine structures, automotive and aircraft industry due to their excellent properties. The
main alloying elements - Si, Cu, Mg and Ni, partly dissolve in the primary a-Al matrix, and
to some extent present in the form of intermetallic phases. A range of different intermetallic
phases may form during solidification, depending upon the overall alloy composition and
crystallization condition. Their relative volume fraction, chemical composition and
morphology exert significant influence on a technological properties of the alloys (Mréwka-
Nowotnik G., at al., 2005; Zajac S., at al., 2002; Warmuzek M., at al. 2003). Therefore the
examination of microstructure of aluminium and its alloys is one of the principal means to
evaluate the evolution of phases in the materials and final products in order to determine
the effect of chemical composition, fabrication, heat treatments and deformation process on
the final mechanical properties, and last but not least, to evaluate the effects of new
procedures of their fabrication and analyze the cause of failures (Christian, 1995; Hatch,
1984; Karabay et al., 2004). Development of morphological structures that become apparent
with the examination of aluminium alloys microstructure arise simultaneously with the
freezing, homogenization, preheat, hot or cold reduction, anneling, solution and
precipitation heat treatment of the aluminium alloys. Therefore, the identification of
intermetallic phases in aluminium alloys is very important part of complex investigation.
These phases are the consequence of equilibrium and nonequilibrium reactions occurred
during casting af aluminium alloy. It worth to mention that good interpretation of
microstructure relies on heaving a complete history of the samples for analysis.

Commercial aluminium alloys contains a number of second-phase particles, some of which
are present because of deliberate alloying additions and others arising from common
impurity elements and their interactions. Coarse intermetallic particles are formed during
solidification - in the interdendric regions, or whilst the alloy is at a relatively high
temperature in the solid state, for example, during homogenization, solution treatment or
recrystallization (Cabibbo at al., 2003; Gupta at al., 2001; Gustafsson at al., 1998; Griger at al.,
1996; Polmear, 1995; Zhen at al., 1998). They usually contain Fe and other alloying elements
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and/or impurities. In the aluminium alloys besides the alloying elements, transition metals
such as Fe, Mn and Cr are always present. Even small amount of these impurities causes the
formation of a new phase component. The exact composition of an alloy and the casting
condition will directly influence the amount and type of intermetallic phases (Dobrzariski at
al., 2007; Warmuzek at al. 2004, Zajac at al., 2002). Depending on the composition, a material
may contain CuAl,, MgySi, CuMgAl, and Si as well as Al(Fe,M)Si particles, where M
denotes such elements as Mn, V, Cr, Mo, W or Cu. During homogenization or annealing,
most of the as-cast soluble particles from the major alloying additions such as Mg, Si and Cu
dissolve in the matrix and they form intermediate-sized 0.1 to I um dispersoids of the
AlCuMgSi type. Dispersoids can also result from the precipitation of Mn-, Cr-, or Zr-
containing phases. A size and distribution of these various dispersoids depend on the time
and temperature of the homogenization and/or annealing processes. Fine intermetallic
particles (<l um) form during artificial aging of alloys and they are more uniformly
distributed than constituent particles or dispersoids. Dimensions, shape and distribution of
these particles may have also important influence on the ductility of the alloys. Therefore, a
systematic research is necessary regarding their formation, structure and composition. For
example, the coarse particles can have a significant influence on a recrystallization process,
fracture, surface and corrosion, while the dispersoids control grain size and provide stability
to the metallurgical structure. Dispersoids can also have a large affect on the fracture
performance and may limit strain localization during deformation. The formation of
particles drains solute from the matrix and, consequently, changes the mechanical
properties of the material. This is particularly relevant to the heat-treatable alloys, where
depletion in Cu, Mg, and Si can significantly change the metastable precipitation processes
and age hardenability of the material (Garcia-Hinojosa at al., 2003; Gupta at al., 2001; Sato at
al., 1985). Therefore, the particle characterization is essential not only for choosing the best
processing routes, but also for designing the optimized alloy composition (Mréwka-
Nowotnik at al., 2007; Wierzbinska at al., 208, Zajac at al., 2002; Zhen at al., 1998).

The main objective of this study was to analyze a morphology and composition of the
complex microstructure of intermetallic phases in AISi5CulMg and AICu4Ni2Mg?2 aluminium
alloys in as-cast and T6 condition and recommend accordingly, the best experimental
techniques for analysis of the intermetallic phases occurring in the aluminium alloys.

2. Material and methodology

The investigation was carried out on the AlCu4Ni2Mg2 and AlSi5CulMg casting
aluminium alloys. The chemical composition of the alloys is indicated in Table 1.

Alloy Cu Mg Si Fe Ni Zn Ti
AlSi5CulMg 13 0.5 5.2 0.2 - <0.3 0.18
AlCu4Ni2Mg2 4.3 1.5 0.1 0.1 2.1 0.3 -

Table 1. Chemical composition of investigated AICu4Ni2Mg?2 and AlSi5CulMg aluminium
alloys, Al bal (wt%)

Microstructure analysis was carried out on the as-cast and in T6 condition aluminium alloys.
The alloys were subjected to T6 heat treatment: solution heat treated at 520°C for 5 h
followed by water cooling and aging at 250°C for 5 h followed by air cooling. The
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microstructure of examined alloy was observed using an optical microscope on the polished
sections etched in Keller solution (0.5 % HF in 50ml H>O). The observation of specimens
morphology was performed on a scanning electron microscope (SEM), operating at 6-10 kV
in a conventional back-scattered electron mode and a transmission electron microscopes
(TEM) operated at 120, 180 and 200kV. The thin foils were prepared by the electrochemical
polishing in: 260 ml CH3OH + 35 ml glycerol + 5 ml HCIO4. The chemical composition of the
intermetallics was made by energy dispersive spectroscopy (EDS) attached to the SEM.

The intermetallic particles from investigated AICu4Ni2Mg2 and AlSi5CulMg alloys in T6
condition were extracted chemically in phenol. The samples in the form of disc were cut out
from the rods of &12 mm diameter. Then ~0.8 mm thick discs were prepared by two-sided
grinding to a final thickness of approximately 0.35 mm. The isolation of phases was
performed according to following procedure: 1.625 g of the sample to be dissolved was
placed in a 300 ml flask containing 120 mm of boiling phenol (182°C). The process continued
until the complete dissolution of the sample occurred ~10 min. The phenolic solution
containing the residue was treated with 100 ml benzyl alcohol and cooled to the room
temperature. The residue was separated by centrifuging a couple of times in benzyle alcohol
and then twice more in the methanol. The dried residue was refined in the mortar. After
sieving of residue ~0.2 g isolate was obtained. The intermetallic particles from the powder
extract were identified by using X-ray diffraction analysis. The X-ray diffraction analysis of
the powder was performed using a diffractometer - Cu Ka radiation at 40kV.

DSC measurements were performed using a calorimeter with a sample weight of
approximately 80-90 mg. Temperature scans were made from room temperature ~25°C to
800°C with constants heating rates of 5°C in a dynamic argon atmosphere. The heat effects
associated with the transformation (dissolution/precipitation) reactions were obtained by
subtracting a super purity Al baseline run and recorded.

3. Results and discussion

DSC curves obtained by heating (Fig. 1a) and cooling (Fig. 1b) as-cast specimens of the
examined AlSi5CulMg alloy are shown in Fig. 1. DSC curves demonstrate precisely each
reactions during heating and solidification process of as-cast AISi5CulMg alloy. One can see
from the figures that during cooling the reactions occurred at lower temperatures (Fig. 1b)
compared to the values recorded during heating of the same alloy (Fig. 1a). Solidification
process of this alloy is quite complex (Fig. 1) and starts from formation of aluminum reach
(a-Al) dendrites. Additional alloying elements such as: Mg, Cu, as well as impurities: Mn,
Fe, leads to more complex solidification reaction. Therefore, as-cast microstructure of
AlSi5CulMg alloy presents a mixture of intermetallic phases (Fig.2). The solidification
reactions (the exact value of temperature) obtained during DSC investigation were
compared with the literature data (Backerud at al., 1992; Li, et al., 2004) and presented in
Table 2. Results obtained in this work very well corresponding to the (Bickerud at al., 1992;
Li, et al., 2004; Dobrzanski at al., 2007).

Fig. 2 shows as-cast microstructure of AlISi5CulMg alloy. The analyzed microstructure
contains of primary aluminium dendrites and substantial amount of different intermetallic
phases constituents varied in shape, (i.e.: needle, plate-like, block or “Chinese script”), size
and distribution. They are located at the grain boundaries of a-Al and form dendritic
network structure (Fig. 2).
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Fig. 1. DSC thermograms of as-cast specimens of AlSi5CulMg alloy, obtained during
a) heating and b) cooling at rate of 5°C/min
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Bickerud et al. Temp., °C Li, Samuel et al. Temp., °C | This work
L— (Al) dendrite network 609 (Al) dendrite network 610 610
L—(Al)+AlLsMnsSix+(AlsFeSi) 590
L—(Al)+Si+AlsFeSi 575 Precipitation of eutectic Si 562 564
L—(Al)+Si+AlMnFeSi Precipitation of

5% AlgMgsFeSis+MgaSi 54 532
L—(Al)+ALCu+AlsFeSi 525 Precipitation of Al.Cu 510 510
L—(Al)+ALCu+Si+ Precipitation of
AlsMgsCusSie 507 AlsMgsCusSie 490 499

Table 2. Reactions occurring during the solidification of the AlSi5CulMg alloy according to
(Backerud at al., 1992; Li, Samuel et al., 2004)

Fig. 2. Morphology of AlSi5CulMg alloy in the as-cast state: (a,c) unetched and (b,d) etched

In order to identify the intermetallic phases in the examined alloy, series of elemental maps
were performed for the elements line Al-K, Mg-K, Fe-K, Si-K, Cu-K and Mn-K (Fig. 3 and 4).
The maximum pixel spectrum clearly shows the presence of Al, Mg, Fe, Si, Cu and Mn in the
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scanned microstructure. In order to identify the presence of the elements in the observed
phases, characteristic regions of the mapped phase with high Mg, Fe, Si, Cu and Mn
concentration were marked and their spectra evaluated (Fig. 5).

Fig. 3. SEM image of the AlSi5CulMg alloy and corresponding elemental maps of: Al, Mg,
Fe, Si and Cu

Fig.5 shows the SEM micrographs with corresponding EDS-spectra of intermetallics
observed in the as-cast AlSi5CulMg alloy. The EDS analysis indicate that the oval particles
are Al,Cu (Fig. 5a). Besides Al,Cu phase, another Cu containing phase AlsMgsCu,Sis was
observed (Fig. 4,5). In addition the Cu-containing intermetallics nucleating as dark grey rod,
primary eutectic Si particles with “Chinese script” morphology were also observed. Fe has a
very low solid solubility in Al alloy (maximum 0.05% at equilibrium) (Mondolfo, 1976), and
most of Fe in aluminium alloys form a wide variety of Fe-containing intermetallics
depending on the alloy composition and its solidification conditions (Ji et al., 2008). In the
investigated as-cast AlSi5CulMg alloy Fe-containing intermetallics such as light grey needle
like B-AlsFeSi (Fig. 5a) and blockly phase consisting of Al, Si, Mn and Fe (Fig. 5a) were
observed. On the basic of literature date (Liu Y.L. et al., 1999; Mréwka-Nowotnik et al., a,b,
2007; Wierzbiriska et al., 2008) and EDS results (Fig.5 and Tab.3) this particles were
identified as a-Al(FeMn)Si phase.

Fig. 5 shows SEM micrographs with corresponding EDS-spectra of intermetallics observed
in as-cast AlSi5CulMg alloy. The EDS spectra indicate that the oval particles are AlCu
(Fig. 5a). Besides Al,Cu phase, another Cu containing phase AICuMgSi is observed (Fig 5b).
The results of EDS analysis are summarized in Tab. 3 versus the results obtained by earlier
investigators.
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Fig. 4. SEM image of the AlSi5CulMg alloy and corresponding elemental maps of: Al, Mn,
Mg, Fe, Si and Cu
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The following phases were identified in the as-cast AlSi5CulMg alloy based on DSC results
and microstructure - LM and SEM observations (Tab.2 and 3, Fig.1-5): Si, B-AlsFeSi,
AlsCusMgsSis, ALLCu, o-Al(FeMn)Si. These results can suggest, that in this alloys occur five
solidification reactions (Tab. 4). The data presented in Tab. 4 shows that the solidification
sequence of AlSi5CulMg alloy differ only slightly from this obtained by Backerud and Li
(Tab. 2).

No. of Suesested tvpe Chemical composition of determined
analyzed 88 typ intermetallic phases, (% wt) References
: of phases
particles
Si Cu Mg Fe Mn
19.2 31.1 33 Ji, 2008
20 AlsCu,MgsSis 15.2 26.9 29.22 Lodgaard, (2000)
17.97 27.48 28.49 This work
12-15 25-30 Mondolfo, 1976
25 B-AlsFeSi 12.2 25 Warmuzek, 2005
14.59 27.75 Liu, 1999
13-16 23-26 This work
10-12 10-15 15-20 | Mondolfo, 1976
12 o- 5.5-6.5 5.1-28 14-24 Warmuzek, 2006
Ali2(FeMn)sSi 5-7 10-13 19-23 | Liu, 1999
8-12 11-13 14-20 | This work
52.5 Belov, 2005
10 AbCu 4951 This work
25 Si 85-95 This work

Table 3. The chemical composition of the intermetallic phases in AISi5CulMg alloy in the
as-cast state

Fig. 5. a) SEM micrographs of the AlSi5CulMg alloy in the as-cast state
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Reactions Temperature, °C
L— (Al) dendrite network 610
L—(Al)+Si+AlsFeSi 564
L—(Al)+Si+AlMnFeSi 532
L—(Al)+ ALCu+ AlsFeSi 510
L—(Al)+ AlLCu+Si+AlsCuxMgsSis 499

Table 4. Solidification reactions during nonequilibrium conditions in the investigated
AlSi5CulMg alloy, heating rate was 5°C/min
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Fig. 7. a) SEM micrographs of the AlSi5CulMg alloy in the T6 condition; b) The corresponding
EDS-spectra acquired in the positions indicated by the number 1 and 2
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Microstructure of AlSi5CulMg alloy in T6 condition is presented in Fig. 6. Analyzing the
micrographs of the alloy after heat treatment at 520°C for 5h it had been found that during
solution heat treatment the morphology of primary eutectic Si changes from relatively large
needle like structure to the more refined “Chinese script” and spherical in shape particles.
Most of the needle like particles of B-AlsFeSi phase transform into spherical-like
a-Al(FeMn)Si (Kuijpers at al, 2002; Liu at al., 1999; Christian, 1995) as shown in Figure 6 and
7. It has been found that ALLCu and AlsCu;MgsSis phases dissolve in the a-Al matrix during
solution heat treatment. The subsequent aging heat treatment at 250°C for 5 leads to
formation form the supersaturated solid solution fine intermetallic strengthening particles of
AlCu (<Ipm).

Fig. 7 shows scanning electron micrographs and EDS analysis of particles in the investigated
AlSi5CulMg alloy in T6 condition. The EDS analysis performed on the phases presented in
microstructure of the alloy revealed, that spherical in shape inclusions are the eutectic

2) T

—6—  -a-Al[221]
--G- -Mg,Si(6.34) [001]
0 -cp

Fig. 8. TEM micrograph of AlSi5CulMg alloy in T6 conditions showing the precipitate of the
B-Mg,5i phase (a,b), and corresponding electron diffraction pattern (c)
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silicon ones, whereas the rod-like and “Chinese script” shaped, are inclusions of the phase
consisting of Al, Si, Mn and Fe (Fig. 2,7 and Tab. 3).

Since it is rather difficult to produce detailed identification of intermetallic using only one
method (e.g. microscopic examination) therefore XRD and TEM techniques was utilized to
provide confidence in the results of phase classification based on metallographic study. The
microstructure of the examined alloy AlISi5CulMg in T6 state consists of the primary
precipitates of intermetallic phases combined with the highly dispersed particles of
hardening phases. The TEM micrographs and the selected area electron diffraction patterns
analysis proved that the dispersed precipitates shown in Figure8 and 9 were the
precipitates of hardening phase $-Mg,Si (Fig. 8) and 6’-Al,Cu (Fig. 9).

e )
L
(@) (b)

Fig. 9. Precipitation of strengthening p-MgsSi i 6’-Al,Cu phases in AlSi5CulMg (a,b) - TEM
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The results of XRD investigation are shown in Fig. 8. X-ray diffraction analysis of
AlSi1MgMn alloy confirmed metalograffic observation. Additionaly the presented above
results were compared to the analysis of the particles extracted from the AISi5CulMg alloy
using phenolic dissolution technique (Fig. 11). The EDS spectra revealed the presence of Al,
Mg, Mn, Si, Fe and Cu - bearing particles in the extracted powder (Fig. 11). The EDS analysis
results proof that analyzed particles extracted from the AISi5CulMg alloy were: Si,
AlMnFeSi, AlsFeSi, AlsMggCu,Sis phases.

DSC curves obtained by heating (Fig. 12a) and cooling (Fig. 12b) of as-cast specimens of
AlCuwNiMg; alloy are shown in Fig. 12. DSC curves demonstrate reactions which occurred
during heating and solidification process of the alloy. The obtained results were similar to
the peaks observed during cooling of the samples of AlSi5CulMg alloy - the recorded peaks
were shifted to the lower values (Fig. 12b).

The solidification sequence of this alloy can be quite complex and dependent upon the
cooling rate (Fig. 12). Possible reactions which occurred during solidification of AICu4Ni2Mg2
alloy are presented in Tab. 5. Aluminum reach (a-Al) dendrites are formed at the beginning
of solidification process. Additional alloying elements into the alloys (Ni, Cu, Mg) as well as
impurities (eg. Fe) change the solidification path and reaction products. Therefore, as-cast
microstructure of the tested alloy exhibit the appearance of mixture of intermetallic phases
(Fig. 13a). The solidification reactions (the exact value of temperature) obtained during DSC
investigation presented in Tab. 5.

Possible reactions Temperature, °C
L— (Al) + Al¢Fe 612
L— (Al) + Al,CuMg 584
L—(AD)+ALCu+AlLCuMg 558
L—(Al)+ALCu+Al;CusNi 542
L—(AD)+ALCu+ ALCuMg +Al3(CuFeNi), 493
Solidus 480

Table 5. Possible solidification reactions during nonequilibrium conditions in investigated
AlCu4Ni2Mg? alloy, at a heating rate 5°C/min

(a) (b)
Fig. 13. The microstructure of AlICu4Ni2Mg? alloy in as-cast state (a) and the T6 condition (b)



34 Recent Trends in Processing and Degradation of Aluminium Alloys

The analyzed microstructure in as- cast state (Fig.13a) contains of primary aluminium
dendrites and substantial amount of different intermetallic phases constituents varied in
shape, size and distribution. They are located at the grain boundaries of a-Al and form
dendrites network structure (Fig. 13a).

The analyzed microstructure of investigated AICu4Ni2Mg? alloy in T6 condition (Fig. 13b)
consists different precipitates varied in shape, i.e.: fine sphere-like, complex rod-like and
ellipse-like distributed within interdendritic areas of the a-Al alloy. Large number of fine
sphere-like strengthening phase are located in the boundary zone. However, small volume
of this phase is also present homogenously throughout the sample (Fig. 13b). In order to
identify the intermetallic phases in the examined alloy, series of distribution maps were
performed for the elements line Mg-K, Al-K, Fe-K, Ni-K, Cu-K (Fig. 14). The maximum pixel
spectrum clearly shows the presence of Ni and Cu in the scanned microstructure. In order to
identify the presence of the elements in the observed phases, two regions of the mapped
phase with high nickel and copper concentration were marked and their spectra evaluated.

10 um 10 um

Fig. 14. SEM image of the AICu4Ni2Mg? alloy and corresponding elemental maps of: Al,
Mg, Fe, Ni and Cu

As seen in the elemental maps in Fig. 14, the regions enriched in Ni and Cu correspond to
the formation of type precipitates (complex rod-like) and ellipse-like precipitates observed
in Fig. 13. Fig. 15 shows the scanning electron micrographs and EDS analysis of particles in
the AICu4Ni2Mg? alloy.

The EDS analysis performed on the phases present in microstructure of the alloy revealed,
that complex rod-like phase is the Al;CusNi one, whereas the ellipse-like is Al3(CuFeNi);
(Fig. 15 and Tab. 6)
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Fig. 15. a) SEM micrographs of the AlICu4Ni2Mg?2 alloy in the T6 condition; b) The
corresponding EDS-spectra acquired in positions indicated by the number 1 and 2

No. of Suggested | Chemical composition of determined

analyzed type of intermetallic phases, (%at) Reference

particles phases Ni Cu Fe
11.8+22.2 38.7+50.7 Belov, 2005
20 Al;CusNi 18.08 34.33 Chen, 2010
14.2:22.6 29.7+45.2 This work
. 18+22 9+15 8+10 Belov, 2002
2 | ABCuFeND | 171905 | 105:193 | 72:95 | This work
52.5 Belov, 2005
12 AlCu 4773519 This work

Table 6. The chemical composition and volume fraction of the intermetallic phases in the
AlCu4Ni2Mg? alloy

Fig. 16. TEM micrograph of AICu4Ni2Mg? alloy in T6 conditions showing the precipitate of
the S-Al,CuMg phase (a,b), and corresponding electron diffraction pattern (c)



36 Recent Trends in Processing and Degradation of Aluminium Alloys

The microstructure of the examined alloy AlICu4Ni2Mg? in T6 state consists of the primary
precipitates of intermetallic phases combined with the highly dispersed particles of
hardening phases. The TEM micrographs and the selected area electron diffraction patterns
analysis proved that the dispersed precipitates shown in Fig. 13b are the intermetallic
phases S-ALCuMg (Fig. 16) and Al¢Fe (Fig. 17) besides the precipitates of hardening phase
0'-Al,Cu were present in AICu4Ni2Mg? alloy (Fig. 18). The approximate size of the S phase
was 0,5 um.

- _e2y 4111)

"|1'.'i1|

s ALFe . [821]

Fig. 17. TEM micrograph of AlCu4Ni2Mg alloy in T6 condition showing the precipitate of
the Al¢Fe phase (a), and corresponding electron diffraction pattern (b)

f

Fig. 18. TEM micrograph of AlICu4Ni2Mg alloy in T6 condition showing the precipitates of
hardening phase 6"-Al,Cu, bright field (a) and dark field (b)

The results of the SEM/EDS analysis of the particles extracted with boiling phenol from
AlCu4Ni2Mg? alloy (Fig. 19) were compared with X-ray diffraction pattern (Fig. 20). The
observed peaks confirmed SEM and TEM results. The majority of the peaks were from
Al7CusNi, AlgFe, S-Al,CuMg, and Alz(CuFeNi)s.

On the other hand, it is nearly impossible to make unambiguous identification of the all
intermetallics present in an aluminium alloy which are rather complex, even applying all
well-known experimental techniques. X-ray diffraction analysis is one of the most powerful
and appropriate technique giving the possibility to determine most of verified intermetallics
based on their crystallographic parameters. Our analysis shows that the difficulties of
having reliable results of all the possible existing phases in a microstructure of the alloy is
related to the procedure of phase isolation. The residue is separated by centrifuging and
since some of the particles are very fine and available sieves are having too big outlet holes
there is no chance prevents them from being flowing out from a solution.
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Fig. 19. SEM micrographs of the particles Al;CusNi (a,c) and Al3(CuFeNi); (b,d) extracted
from the AlICu4Ni2Mg? alloy along with EDS spectra (e,f)
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Fig. 20. The X-ray diffraction from the particles extracted from AlICu4Ni2Mg? alloy
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4, Conclusion

Currently, efforts are being directed towards the development of analytical techniques
which rapidly achieve an accurate determination of phase components in an alloy.
According to the obtained results, the applicability of the proposed methods provides a
practical alternative to other techniques. The phenol extraction procedure was also
successfully applied to the examined aluminium alloys. The main advantages of dissolution
techniques are its reliability - when used properly you will always get pure residue - and its
low price. The major disadvantageous of phenol extraction method are the possible
contamination of the residue and the time needed.

The examined alloys AlSi5CulMg and AlCu4Ni2Mg?2 possessed a complex microstructure.
By using various instruments and techniques (LM, SEM-EDS, TEM and XRD) a wide range
of intermetallics phases were identified. The microstructure of investigated AISi5CulMg
alloy included: B-AlsFeSi, a-Alx(FeMn)sSi, Al,Cu, Q-AlsCu,MgsSie, Si and Mg)Si phases.
The microstructure of AICu4Ni2Mg? alloy included five phases, namely: Al;CusNi, 6’-Al,Cu,
AlgFe, S-AlLCuMg, and Al3(CuFeNi),. A size and distribution of these various dispersoids
depend on the time and temperature of the homogenization and/or annealing processes.
Fine intermetallic particles (<lpm) are formed during artificial aging of heat-treatable alloys
and are more uniformly distributed than constituent particles or dispersoids. Dimensions,
shape and distribution of these particles may have important effects on the ductility of
alloys and more needs to be known regarding their formation, structure and composition.
For example, the coarse particles can influence the recrystallization, fracture, surface, and
corrosion behavior, while the dispersoids control grain size and provide stability to the
metallurgical structure. The dispersoids can also affect the fracture performance and may
limit strain localization during deformation. The formation of particles drains solute from
the matrix and, consequently, changes the strength properties of the material. This is
specially relevant in the heat-treatable alloys, where depletion in Cu, Mg, and Si can
significantly change the metastable precipitation processes and age hardenability of a
material. Therefore, particle characterization is essential not only for choosing the best
processing routes, but also for designing optimized alloy composition. Thus, particle
characterization is important not only to decide what sort of processing courses should be
applied, but also for designing optimized chemical composition of a material. A variety of
microscopic techniques are well appropriate to characterize intermetallics but only from a
small section of an analyzed sample. From commercial point of view it is extremely
advantageous to provide use quick, reliable and economical examination technique capable
of providing data of particles from different locations of a full scale-sized ingot. One of these
methods is dissolving the matrix of an aluminium alloy chemically or electrochemically.
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1. Introduction

Light metals such as aluminum, magnesium, titanium and their alloys are useful for a wide
range of applications such as in the automotive, railway, and aerospace industries.
Engineering of fine-grained light metal materials is an indispensable technology that is
expected to improve material properties such as tensile strength, elongation, corrosion
resistance, fracture toughness, strain-rate plasticity, low-temperature plasticity, etc. The
production of fine-grained light metals with excellent properties using severe plastic
deformation methods, especially rolling and extrusion, has been intensively studied. With
such processes, the size of the metal grain generally decreases because plastic deformation
causes a decrease of grain size, by the principle shown schematically in Fig. 1.

Metallic material

=

Roll

Metallic material

Fig. 1. Schematic diagram of a) rolling method and b) extrusion method

On the other hand, the equal channel angular pressing (ECAP) method invented by Segal et
al. in 1981 has proven successful for fabricating fine-grained bulk metals. A schematic
diagram of the ECAP method is shown in Fig. 2. In the ECAP method, a large strain can be
introduced into a billet sample by simple shear deformation without changes in the cross-
sectional area. In the ECAP process, the billet is extruded through a die consisting of two
channels intersecting at an angle of 2. The sample is set in the vertical channel and pressed
into the second channel. The greatest advantage of the ECAP method is that the initial size
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and shape of the sample processed by the ECAP process are maintained. The sample is
enhanced with the shear stress of the angle @ to the extrusion direction in the ECAP process
and its structure is fine-grained.

Pressing

;
1| Punch
\ A
ND
|

Sample billet

ECAP processed
sample billet

Fig. 2. Schematic diagram of equal channel angular pressing method. (V.M. Segal, V.I.
Rexnikov, A.E. Drobysevsky and V.I. Kopylov: Metally Vol. 1 (1981), p. 115.)

The rolling method, the extrusion method and the ECAP method are severe plastic
deformation methods, and are useful for grain refinement of light metals. In all of these
methods, excellent grain refinement is generally expected with many passes. In the case of
the rolling method, as shown in Fig. 3-a, the grain is continuously refined with each pass as
the material’s thickness decreases. In order to process the material with ECAP many times,
either a continuous cycling method (Fig. 3-b) or a method of expulsion and reinsertion (Fig.
3-c) are possible. In the case shown in Fig. 3-b, twice or more pressure is necessary when
continuing the second time, and there is a limit in the number of ECAP passes depending on
the maximum pressure and the die strength. In conventional ECAP, as shown in Fig. 3-c, the
pressed sample must be removed from the die and reinserted back for the next pressing,
making the process inefficient. Not only does this process take a long time, the temperature
of the sample is difficult to control.

A new ECAP process method called the rotary-die equal channel angular pressing (RD-ECAP)
method was developed at Japan's National Institute of Advanced Industrial Science and
Technology (AIST, formerly the National Industrial Research Institute of Nagoya (NIRIN))
to form fine-grained bulk materials such as aluminum alloys, aluminum composites,
magnesium alloys, and titanium. Using the RD-ECAP method, ECAP processing of up to 2
passes can be done without sample removal, and samples processed over 30 cycles were
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obtained. One-pass RD-ECAP could be processed in 30 s. In this paper, the RD-ECAP process
is explained and its use in the processing of light metals (aluminum alloys) is reported.

Up to 3 passes

Metallic material |

b) High pressure
Punch ———P|_| ===
F22 [~ -1
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]
Metallic material I
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Fig. 3. Schematic diagram of a) rolling method and b, c) the equal channel angular pressing
method in the case of two or more passes
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2. Principle of rotary-die equal channel angular pressing method

The rotary-die equal channel angular pressing (RD-ECAP) method was developed for
structuring fine grains in light metal, such as aluminum alloys, magnesium alloys, titanium
and so on. In general, using equal channel angular pressing (ECAP), a large strain can be
introduced into a billet by simple shear deformation without changes in the cross-sectional
area; the billet develops fine grains after several passes of ECAP. However, in conventional
ECAP method, the billet must be removed from the die and reinserted back for the next
pressing, making the process inefficient. Using the RD-ECAP method, up to 4 passes of
ECAP-style severe plastic deformation is possible without billet removal.

Schematic diagrams of the RD-ECAP method are shown in Fig. 4. It consists of four
cylindrical channels meeting at the center of the rotary die and four punches in the
corresponding channels. The sample is set into the center of the hole. Then, the four punches
are placed into the holes from the four directions and the die is set on a die holder. The die is
heated to about 500-700 K and a plunger presses the punch at the top. The sample is
extruded to the left direction because the right punch and the bottom punch are locked in
place due to contact with the die holder. The remaining two channels are used for the
conventional ECAP extrusion process. The punch at the top is pushed completely into the
die to complete one extrusion or RD-ECAP process. After this extrusion, the die is rotated
clockwise 90c to the initial configuration with the exposed punch at the top, and a second
pressing is performed. The process continues until the die returns to its former position,
after 4 passes. Then, because the sample is not reduced and the die is enough big,
temperature of the sample is able to control with control of temperature of the die. The
informal name for RD-ECAP is the Japanese term “Mochitsuki”, which is the common
process of making rice cake by pressing steamed rice again and again.

In the present work, the samples can be processed under conditions of 573-773K at an
approximately 0.9-2.4 mm/s punch speed at 300MPa or lower. By the RD-ECAP method,
ECAP processing could be repeatedly done without sample removal. In addition, the
temperature of the sample could be easily controlled. In our study, samples processed over
30 cycles (one cycle=one extrusion and 90° die rotation) were obtained. One RD-ECAP
cycle could be processed in 30 s. Therefore, RD-ECAP has the advantage of being energy
efficient.

(a) . Plunger  Rotary die )
Pun({A Sample
Wall (holder) ‘!

Fig. 4. Schematic diagram of rotary-die equal channel angular pressing. (a) initial state,
(b) after one pass, and (c) after 90° die rotation
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Compared with the conventional ECAP die consisting of two channels intersecting at an
angle, the RD-ECAP die is easy to make because the channels in the RD-ECAP die are
formed with two straight holes. Though there are many channels in the RD-ECAP die, the
sample is always pressed from the same direction and general press equipment can be used.

3. RD-ECAP processed aluminum

3.1 AC4C aluminum alloy

ACAC (JIS, ISO; Al-Si7Mg(Fe)) casting aluminum alloy (Cu<0.20, Si 6.5-7.5, Mg 0.20-0.4, Zn
<0.3, Fe<0.5, Mn<0.6, Ni<0.05, Ti<0.20, Pb<0.20, Sn<0.05) is an excellent material for
observation of the RD-ECAP effect, such as breaking of the precipitated phase, because the
alloy has primary crystal dendrite and a coarse Al-Si microstructure. An AC4C casting
aluminum alloy material 20 mm in diameter and 50 mm in length was used. Cylindrical
samples 19.5 mm in diameter and 40 mm in length long were prepared by lathing.

The RD-ECAP die had a two cylindrical holes 20 mm in diameter that intersect at 90° to
form four channels. Three punches are pushed completely into the side and bottom
channels, the sample is placed in the top hole, and the die is set onto a die holder, as shown
in Fig. 4-a. Samples were processed under conditions of 543 K, 603K, 673 K at an
approximately 0.9 mm/s punch speed from one pass (= one extrusion) to 20 passes.
Photographs of AC4C aluminum alloy samples processed by the RD-ECAP are shown in
Fig. 5. The surfaces of the samples were dirty with lubricants but had no cracks or
contamination after the RD-ECAP process.

An experimentally obtained load-displacement curve of the plunger for the rotary-die equal
channel angular pressing at 603 K is shown in Fig. 6. The load increased with pressing,
reached a maximum load, and then decreased with further sample deformation.

Change in the maximum stress with the number of rotary-die equal-channel angular
pressing passes is shown in Fig. 7. The maximum load was lower at higher temperatures. At
673K, the first maximum load was about 150 MPa, and the fourth maximum load was about
100 MPa. At 603 K and 543 K, the maximum load decreased as RD-ECAP pass increased
from the 1st to 6th pass. The decrease of the maximum load at 603 K was the highest.

(1)523K (2) 673K

Before process Before process
1 pass 1 pass
2 passes 2 passes

Extruded direction
S

Fig. 5. Photograph of samples processed by rotary-die equal channel angular pressing
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Fig. 6. Experimentally obtained load-displacement curve of the plunger for the rotary-die
equal channel angular pressing at 603 K. (Y. Nishida, H. Arima, J.C. Kim and T. Ando: J.
Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)

The microstructures of AC4C aluminum alloys processed by RD-ECAP with 1-20 passes at
603 K are shown in Fig. 8. The as-cast sample with 0 passes had a typical aluminium eutectic
structure with dendrites. The dendrites were deformed after one pass. After 6 passes, the
shape of the primary crystal dendrite disappeared and most eutectic structures were also
broken. After 10 passes, the cast structure disappeared. After 20 passes, a uniform
microstructure with fine primary-crystal aluminium and fine eutectic structure was
observed. The microstructure became fine with increasing of RD-ECAP pass number. In
addition, the distribution of the silicon particles appeared to have become more
homogeneous with the rising number of RD-ECAP passes.

A TEM photograph of an AC4C aluminium alloy processed by 10 passes of rotary-die equal
channel angular pressing at 603 K is shown in Fig. 9. The crystal grains were about 2-3 pm.
The relationship between the total elongation and strain rate of the AC4C aluminum alloy
processed by the RD-ECAP at 603 K is shown in Fig. 10. The 6-pass sample had about 90 %
elongation. The 10- and 20-pass samples had over 100 % elongation, and the maximum
elongation was 126 %.

The appearance of the samples after 10-pass RD-ECAP at 603 K and a tensile test at 723 K is
shown in Fig. 11. The samples processed by RD-ECAP had smooth surfaces. SEM
photographs of the tensile test sample surfaces are shown in Fig. 12. The sample shown in
Fig. 12-a had a detailed surface and 111 % elongation. Narrow structure along tensile
direction was also shown in Fig. 12-b. By contrast, the as-cast 0-pass sample had many
cracks on the 90° direction to the axis of tension and had a rough surface.

By RD-ECAP process, AC4C aluminium alloy hardly had any crack and had the elongation
in the tensile test because the microstructure became fine and homogeneous with increasing
of RD-ECAP pass number.
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Fig. 7. Change of maximum stress with number of the rotary-die equal channel angular
pressing passes. (Y. Nishida, H. Arima, J.C. Kim and T. Ando: J. Japan Inst. Light Metals.

Vol. 50-12 (2000), p. 655-659 in Jp.)

Fig. 8. Microstructures of AC4C aluminum alloys processed by the rotary-die equal channel

angular pressing at 603 K. (a) initial state, (b) - (d), after 1-4 passes of RD-ECAP. (Y. Nishida,

H. Arima, ]J.C. Kim and T. Ando: J. Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)
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Dislocation

Fig. 9. TEM photograph of AC4C aluminium alloy processed by 10 passes of rotary-die
equal channel angular pressing at 603 K. (Y. Nishida, H. Arima, J.C. Kim and T. Ando: J.
Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)
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Fig. 10. Relationship between total elongation and strain rate of AC4C aluminum alloy
processed by rotary-die equal channel angular pressing at 603 K. (Y. Nishida, H. Arima, J.C.
Kim and T. Ando: J. Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)
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Fig. 11. Appearance of samples after 10 passes of rotary-die equal channel angular pressing
at 603 K and tensile test at 723 K. (Y. Nishida, H. Arima, J.C. Kim and T. Ando: J. Japan Inst.
Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)

(a)

Q]

Fig. 12. Tensile test sample surfaces of AC4C alloy observed by SEM after tensile test at 723
K at 5.95x10-4 S-1. (a) and (b) are processed by 10 passes of rotary-die equal channel angular

pressing at 603 K; (c) and (d) are as-cast samples. (Y. Nishida, H. Arima, ].C. Kim and T.

Ando: J. Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)
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3.2 Al-11mass%Si alloy and impact toughness

Al-Si eutectic alloys are in wide use in industry, especially in the automobile industry, due
to their good wear resistance, high tensile strength at elevated temperatures and
amenability to casting. However, their low fracture toughness impedes their broader
application. Their microstructure consists of eutectic silicon crystals and an aluminum alloy
matrix. The silicon crystals, which have three-dimensionally complex shapes and are very
brittle, congregate at the grain boundaries of the aluminum matrix. The low fracture
toughness of these alloys originates in their microstructure, and is influenced by aluminum
dendrite arm spacing and cell size, eutectic silicon characteristics (size and morphology) and
eutectic silicon distribution. To improve the microstructure, several techniques are in use
industrially: for example, the addition of elements like sodium and strontium. However, this
treatment results in little improvement in toughness, since brittleness is thought to be
inherent in these alloys.

There are several routes to improving the microstructure of alloys. These include rapid
solidification, stirring during solidification, heat treatment, and plastic deformation, with
the last being the most energy-efficient.

The Al-11mass%Si eutectic alloy used for the present research contains, by mass, 11.3% Si,
1.00% Cu, 1.13% Mg, 1.10% Ni and 0.277% Fe. The copper, magnesium and nickel are used
to improve the mechanical properties of this alloy at elevated temperatures. These elements
are present in the alloy as intermetallic compounds including Mg»Si, AlsCuNi, AloFeNi,
AlsCusNi and AINi. For RD-ECAP processing, the material of Al-11mass%Si alloy was
machined to be a cylindrical billet 19.5 mm in diameter (the channel is 20 mm in diameter)
and 40 mm in length. Due to the low billet aspect ratio (=2), the billet is subjected to non-
uniform deformation, since there is minimal deformation of the billet end zone regions.

The RD-ECAP die had two cylindrical holes 20 mm in diameter that intersect at 90° to form
four channels. Three punches are pushed completely into the side and bottom channels, the
sample is placed in the top hole, and the die is set onto a die holder, as shown in Fig. 4-a.
Then, The die is heated. The effect of RD-ECAP temperature on the impact toughness of the
Al-11mass%Si alloy was examined at three temperatures: 573, 623 and 673 K. The billets
were processed by RD-ECAP for 4, 8, 12, 16 and 32 passes at each temperature. In addition,
four special routes of RD-ECAP were used in this work: (a) 8 passes at 673 K followed by 8
passes at 623 K; (b) 4 passes at 673K followed by 12 passes at 623 K; (c) 4 passes at 573 K
followed by 4 passes at 673 K and 8 passes at 623 K; (d) 4 passes at 673 K followed by 4
passes at 623 K and 8 passes at 573 K.

Impact toughness test pieces were made from the RD-ECAP-processed (RD-ECAPed) billet
by machining along the longitudinal direction. The size of the rectangular prism test pieces
was 3 mm X 4 mm in cross-section and 34 mm in length, with a U-notch 1.5 mm in width
and 1.5 mm in depth. A computer-aided instrumented Charpy impact test machine
including software for tougher materials was used for measuring the absorbed energy of the
samples as impact toughness during impact testing. The plot in the figure is the average
value of four test pieces made from one billet (six pieces in all were made from one billet).
An as-cast alloy was also tested for comparison. An optical microscope and a transmission
electron microscope (TEM) were used to observe the microstructures of the RD-ECAPed
samples that had been cut from the longitudinal sections of the billets. Proven Solution for
Image Analysis was used for investigation of the particle size distribution in the alloy. The
maximum diameter of each particle was used as the particle size. A scanning electron
microscope (SEM) was employed for observation of the fractured surface.
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3.2.1 Microstructures

The effect of the number of RD-ECAP passes on the alloy microstructure is shown in Fig. 13,
where (a) shows the microstructure of the as-cast alloy, and (b), (c) and (d) illustrate,
respectively, the microstructures of samples processed with 8, 16 and 32 passes at 623 K via
RD-ECAP. The as-cast (0 pass) sample consists of large grains, including the dendrites of the
aluminum matrix, interdendritic networks of eutectic silicon plates and particles of other
large intermetallic compounds present between the aluminum dendrite arms or grain
boundaries, as shown in this Figure. After pressing by RD-ECAP for 8 passes, the large
grains observed in 0 pass sample did not exist and no dendrite structure was found in the
alloy. Though >20 pum eutectic silicon plates and its interdendritic networks were observed
in 0 pass sample, the plates became fine in the samples pressed for multipasses and <6 pm
plates or particles were observed after pressing by RD-ECAP for 32 passes. In addition, the
distribution of the silicon particles appeared to have become more homogeneous with the
rising number of RD-ECAP passes. The results indicate that stirring and deformation
occurred in the sample by RD-ECAP.

Fig. 13. Microstructures of the Al-11mass%Si samples processed by RD-ECAP at 623 K for
(@) - (d) 0, 8, 16 and 32 passes, respectively. (A. Ma, K. Suzuki, Y. Nishida, N. Saito,
L. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)

Fig. 14 illustrates the particle size distribution in the alloy after RD-ECAP. Over 60% of the
particles are smaller than 1 pm in the samples processed with 8 and 16 passes at 623 K. After
32 RD-ECAP passes, over 70% of the particles were smaller than 1 pm. However, the large
particle (over 2 pm in diameter) contents in the samples processed with 8, 16 and 32 passes
were not significantly different. It is evident that particles smaller than 1 pm in the alloy
increased with increasing number of RD-ECAP passes.
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Fig. 14. Effect of the number of RD-ECAP passes on the particle size distribution in the alloy.
(A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu,
T. Imura: Acta Materialia 53 (2005) 211-220.)

Fig. 15 shows the microstructures of the alloy processed with 16 passes by RD-ECAP at
three different temperatures: (a) 573 K, (b) 623 K, and (c) 673 K. The particle distribution,
including eutectic silicon and intermetallic compounds, seems to have become more
homogeneous when the processing temperature increased from 573 to 673 K.

Fig. 15. Microstructures of the Al-11mass%Si alloy processed by RD-ECAP for 16 passes at:
(@) 573 K, (b) 623 K, and (c) 673 K. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M.
Takagi, H. Iwata, A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)
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Fig. 16. Effect of the RD-ECAP processing temperature on the particle size distribution in the
alloy. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu,
T. Imura: Acta Materialia 53 (2005) 211-220.)

100nm

100nm . L 100nm é

Fig. 17. Transmission electron micrographs of matrix of aluminium in the Al-11mass%Si
alloy. (a) as-cast alloy, (b)processed 4 passes, (c) 16 passes, (d) 32 passes by RD-ECAP at 573
K. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu,
T. Imura: Acta Materialia 53 (2005) 211-220.)
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Fig. 16 illustrates the particle size distribution after 32 RD-ECAP passes at three different
processing temperatures. Among the three samples, the sample processed at 623 K had the
highest content of particles smaller than 1 pm. However, no difference in the large particle
content (> 2 pm in diameter) was not clear among the samples processed at the three
different temperatures. This result indicates that the processing temperature had little effect
on the distribution of large particles.

Fig. 17 shows transmission electron micrographs of aluminum matrix in the Al-11mass%Si
alloy, with (a) showing the microstructure of the as-cast alloy, and (b), (c) and (d) showing
the microstructures of samples processed by RD-ECAP at 573 K with 4, 16 and 32 passes
respectively. It is clear that the grain or grain fragment size of the aluminum was refined
after only 4 passes. In spite of the further increase in the number of RD-ECAP passes to 32,
the alloy maintained the same grain or grain fragment size of about 200-400 nm.

3.2.2 Impact toughness

Fig. 18 shows typical load-displacement curves for the Al-11mass%Si alloy, where curve (a)
is the as-cast sample, and (b), (c) and (d) are samples processed by RD-ECAP at 623 K for 4,
16 and 32 passes, respectively. The area below the load-displacement curve of (a) shows the
absorbed energy of the as-cast alloy, which is very small in comparison with the results from
the other samples.
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Fig. 18. Typical load-displacement curves of the Al-11mass%Si alloys: (a) as-cast state,

(b) (c) and (d) processed by RD-ECAP at 623 K for 4, 16 and 32 passes, respectively. (A. Ma,
K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura:
Acta Materialia 53 (2005) 211-220.)
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Fig. 19 shows the relationship between the absorbed energy of the sample during impact
testing and the number of RD-ECAP passes. The absorbed energy of the as-cast Al-11mass%Si
alloy was 0.9 J/cm2. After RD-ECAP, the absorbed energy increased markedly with the
increasing number of RD-ECAP passes at all three processing temperatures, ultimately
reaching 10 J/cm? after 32 passes at 623 K. This value is 10 times that of the as-cast Al-
11mass%Si alloy. The relation of RD-ECAP temperature to impact toughness is also shown
in Fig. 19, indicating little effect of temperature when the number of RD-ECAP passes is
fewer than 12. However, when the number of RD-ECAP passes exceeds 12, a marked effect
of RD-ECAP processing temperature on impact toughness is readily observed. This result
indicates the existence of a better temperature for RD-ECAP when the number of RD-ECAP
passes exceeds 12. For the alloy used in this study, the optimal temperature for RD-ECAP is
around 623 K. The effect of the processing route of RD-ECAP on impact toughness is also
illustrated in Fig. 19. Using the same number of pressing passes, 16, the additional four
routes described in the above section and marked A, B, C and D in Fig. 19 were attempted to
achieve high impact toughness. It is evident that the impact toughness of the Al-11mass%Si
alloy samples processed by routes A and B were significantly higher than those by other
routes; i.e., the samples processed by RD-ECAP for 8 or 4 passes at 673 K followed by 8 or 12
passes at 623 K exhibited relatively high impact toughness.

12
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2 —=— 623K
—a— 673K
0 . . :
0 8 16 24 32 40

Number of RD-ECAP passes

Fig. 19. The absorbed energy of the samples as a function of the number of RD-ECAP passes
at 573, 623, 673 K and other routes: (A) at 673 K for 8 passes followed 8 passes at 623 K; (B) at
673 K for 4 passes followed by 12 passes at 623 K; (C) at 573 K for 4 passes followed by 4 passes
at 673 K and 8 passes at 623 K; (D) at 673 K for 4 passes followed by 4 passes at 623 K and 8
passes at 573 K. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata,
A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)

Fig. 20 shows Charpy impact test pieces without notches after impact tests, in which (a)
represents that processed by RDECAP at 623 K for 32 passes and (b) the as-cast alloy. Using
the test piece without the notch, the absorbed energy of the sample processed by RD-ECAP
at 32 passes could not be obtained because the test piece bent considerably, as shown in Fig.
20(a). However, the test pieces of the unpressed samples fractured in a brittle manner.
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(@) (b)

Fig. 20. Impact toughness test pieces without notches of the Al-11mass%Si alloy after
testing: (a) processed by RD-ECAP at 623 K for 32 passes; (b) as-cast. (A. Ma, K. Suzuki,
Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta
Materialia 53 (2005) 211-220.)

Fig. 21. SEM observations for the fractured surfaces of the Al-11mass%Si alloy: (a) as-cast,
(b), (c) and (d) processed by RD-ECAP at 623 K for 4, 16 and 32 passes, respectively. (A. Ma,
K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura:
Acta Materialia 53 (2005) 211-220.)

Fig. 21 shows the fractured surfaces of the test pieces after impact testing, observed by SEM,
with (a) representing the as-cast alloy, and (b), (c) and (d) the samples processed by
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RD-ECAP at 623 K for 4, 16 and 32 passes, respectively. The as-cast sample shows a rough
surface due to the large grains in the alloy and the particles of eutectic silicon and intermetallic
compounds at the grain boundaries. The sample processed by RDECAP at 623 K for 4
passes, (b) shows a finer fracture surface, including a couple of dimples, compared to the as-
cast sample. The sample RD-ECAPed for 16 passes, (c) shows a fine and homogeneous
fracture surface with many dimples. However, little difference can be observed between (c)
and (d). A side view of the ductile fracture surface of the Al-11mass%Si alloy processed by
RDECAP at 623 K for 32 passes is shown in Fig. 22. The high magnification reveals a typical
ductile fracture surface.

Fig. 22. Side view of a typical ductile fracture surface of the Al-11mass%Si alloy processed
by RD-ECAP at 623 K 32 passes. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu,
M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)

3.2.3 Discussion

As illustrated in Fig. 19, the absorbed energy of the Al-11mass%Si alloy increases with
increasing number of RD-ECAP passes. However, after an abrupt increase in the first few
passes, generally 4, the increment of absorbed energy gradually levels off with increased
RDECAP passes, indicating that the first four passes have the greatest effect on impact
toughness. This result is related to the microstructure of the as-cast Al-11mass%Si alloy. As
shown in Fig. 13, the microstructure of the as-cast Al-11mass%Si alloy consists of large
aluminum grains, including large dendrites and interdendritic networks of eutectic silicon
plates, which are the primary reason for the low impact toughness of this alloy. We
therefore conclude that breaking up this microstructure and dispersing the eutectic silicon
results in improved impact toughness. It appears that the first four RD-ECAP passes do
most of the work of breaking the microstructure of the large aluminum dendrites and
interdendritic networks of eutectic silicon in the alloy. In fact, during the first 4 RD-ECAP
passes, the grain or grain fragment sizes of this alloy are also significantly refined, as shown
in Fig. 17(b).

The signal effect of ECAP, as reported in several recent works, is the modification of the
grain boundaries. Misorientation angles of grain boundaries are clearly modified during
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ECAP. In the present study, RD-ECAP had a similar effect on the grain or grain fragment
boundaries. Electron backscatter diffraction (EBSD) can be used to analyze the distribution
of misorientation angles (h) for the aluminum matrix in the RD-ECAPed samples since the
grains or grain fragments are very small; i.e., the second particle phase can be ignored. The
results for EBSD show that the fraction of high angle boundaries with h > 15 are 65% and
73% for the samples processed by RD-ECAP at 623 K for 8 and 16 passes, respectively.
Therefore, the modified grain boundaries produced during RD-ECAP are likely to be an
important factor in enhancing impact toughness.
In fact, the experimental results suggest that modified boundaries affect impact toughness.
As shown in Figs. 17(b)-(d) and 3, although the diameter of grains or grain fragments did
not clearly decrease and the distribution of the larger particles (over 2 pm in diameter) in the
sample did not greatly change with increasing the number of RD-ECAP passes, the
absorbed energy steadily increased with increased number of RD-ECAP passes, as shown in
Figs. 18(b)-(d) and 8. This means that, except for the grain or grain fragment size and the
aspect of the particles, other factors such as modified grain or grain fragment boundaries
appear to be having an effect during impact testing for improving toughness. We therefore
think that if the modified boundaries were eliminated, the impact toughness of this alloy
would greatly decrease. To investigate the effect of the modified grain boundaries and the
larger silicon particles on the impact toughness, we made two kinds of samples and
measured the absorbed energy using Charpy impact tests:
e Sample 1 was processed with 16 passes at 623 K by RD-ECAP, then heat-treated at 793
K for 2 h followed by water quenching (solution treatment).
e Sample 2 was heat-treated under T6 conditions (after solution treatment, aged at 443 K
for 10 h) followed by RD-ECAP for 16 passes at 573 K.
Impact testing of sample 1 was carried out immediately after the solution treatment. In this
case, the recrystallization of the aluminum alloy would take place during the solution
treatment. However, since the precipitation of fine particles before impact testing may have
been negligible, the effect of particle precipitation at the boundaries could be ignored. As
shown in Fig. 12, large particles, including eutectic silicon and intermetallic compounds,
other than the small amounts dissolved in the aluminum matrix during solution treatment,
were still evenly distributed in the alloy due to the fact that they were evenly distributed
during RD-ECAP. The grain or grain fragment size increased to around 8 pm, meaning the
modified grain or grain fragment boundaries were eliminated; however, the average silicon
particle size also increased with the disappearance of small particles, compared with Fig.
15(b). Impact testing results show that the absorbed energy of sample 1 fell markedly from
7.2 t0 4.0 J/cm? after the solution treatment.
As shown in Fig. 13, the large particle size in sample 2 is as large as that in sample 1 but
clearly larger than that in the sample shown in Fig. 4(a). However, sample 2 exhibited a
higher impact toughness (absorbed energy is 7.1 J/cm?2) than the sample shown in Fig. 4(a).
This result indicates that increased silicon particle size is not the reason for the impact
toughness reduction of sample 1. Therefore, three factors are likely to be the chief reasons
for the loss of impact toughness after the solution treatment: (a) elimination of the modified
boundaries, (b) increased grain or grain fragment size, and (c) disappearance of small
particles. On the other hand, although the grain or grain fragment size did not clearly
decrease with the increased number of RD-ECAP passes over 4 passes, the impact toughness
still markedly increased on increasing the number of RD-ECAP passes from 4 to 32, as
shown in Fig. 8. This result means that the incremental value of impact toughness may be
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related to grain or grain fragment boundary modification and the increase in the proportion
of fine particles (smaller than 1 pm) because, as stated above, the degree of boundary
modification and the fine particle content increased with increased numbers of RD-ECAP
passes.

Fig. 23. Microstructure of the Al-11mass%Si alloy processed 16 passes at 623 K by RD-ECAP
followed solution treatment at 793 K for 2 h. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I.
Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)
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Fig. 24. Microstructure of the Al-11mass%5i alloy heat-treated under T6 conditions (793 K
for 2 h then at 443 K for 10 h) followed RD-ECAP at 573 K for 16 passes. (A. Ma, K. Suzuki,
Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta
Materialia 53 (2005) 211-220.)

3.3 Other aluminum alloy
In the present work, various other aluminum alloys such as Al-23 mass% Si alloy,
Si-whisker/extra super duralumin composite, etc., were studied for processing by
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RD-ECAP. In the case of Al-23 mass% Si alloy, absorbed energy of a sample processed 32
passes was about 18 times higher than that of a sample processed 0 pass. In the case of
Si-whisker/extra super duralumin composite, after pressing by RD-ECAP for 10 passes,
grain size was 1.5-2 pm and Si-whisker distribution became homogeneous. Also, Mg alloys
and titanium processed by RD-ECAP were studied and the results confirmed that RD-ECAP
is useful for forming fine-grained light metal materials.

4. Conclusion

A new ECAP processing method called rotary-die equal channel angular pressing (RD-

ECAP) was developed at Japan’s National Institute of Advanced Industrial Science and

Technology (AIST, formerly the National Industrial Research Institute of Nagoya (NIRIN)),

to form fine-grained bulk materials such as aluminum alloys, aluminum composites,

magnesium alloy, and titanium. RD-ECAP has the following features:

1. ECAP processing of up to 32 passes (one pass=one extrusion) can be done without
sample removal.

2. RD-ECAP saves energy because there is no cooling and re-heating.

3.  One-pass RD-ECAP can be processed in 30 s.

4. Over 30 cycles (one cycle=one extrusion and 90° die rotation) of processing were
possible in a short time.

5. Aluminium material with fine grain and high impact toughness can be formed.

Researches on aluminium processing by ECAP deformation of more than 20 passes are still

very few in the world. Therefore, other excellent effects or features are expected to be

discovered in the future.
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1. Introduction

Welding processes are essential for the manufacture of a wide variety of products, such as:
frames, pressure vessels, automotive components and any product which have to be
produced by welding. However, welding operations are generally expensive, require a
considerable investment of time and they have to establish the appropriate welding
conditions, in order to obtain an appropriate performance of the welded joint. There are a
lot of welding processes, which are employed as a function of the material, the geometric
characteristics of the materials, the grade of sanity desired and the application type (manual,
semi-automatic or automatic). The following describes some of the most widely used
welding process for aluminum alloys.

1.1 Shielded metal arc welding (SMAW)

This is a welding process that melts and joins metals by means of heat. The heat is produced
by an electric arc generated by the electrode and the materials. The stability of the arc is
obtained by means of a distance between the electrode and the material, named stick welding.
Figure 1 shows a schematic representation of the process. The electrode-holder is connected
to one terminal of the power source by a welding cable. A second cable is connected to the
other terminal, as is presented in Figure la. Depending on the connection, is possible to
obtain a direct polarity (Direct Current Electrode Negative, DCEN) or reverse polarity
(Direct Current Electrode Positive, DCEP). The core wire of the coated electrode conducts
the electric current and it provides filler metal to perform the weld.

The heat of the arc melts the wire core and the coating (flux) at the tip of the electrode. The
melt material is transferring to the base metal in a drop shape, as is showed in Figure 1b.
The molten metal is stored in a weld pool and it solidifies in the base metal. The flux due to
its low density floats to the surface of the weld pool and solidifies as a layer of slag in the
surface of the weld metal.

The electrode covering contents some chemical compounds, which are intended to protect,
deoxidize, stabilize the arc and add alloy elements. There are basically four types of
electrode coating types: (i) Cellulosic (20-60% rutile, 10-20% cellulose, 15-30% quartz, 0-15%
carbonates, 5-10% ferromanganese), which promotes gas shielding protection in the arc
region, a deep penetration and fast cooling weld. (ii) Rutile ( 40-60% rutile, 15-20% quartz, 0-
15% carbonates, 10-14% ferromanganese, 0-5% organics), this is employed to form slags
mainly for slag shielding, it presents high inclusion content in weld deposit. (iii) Acid (iron
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ore-manganese ore, quartz, complex silicates, carbonates ferromanganese), which provides
fairly high hydrogen content and high slag content in the weld. (iv) Basic (20-50% calcium
carbonate, 20-40% fluorspar, 0-5% quartz, 0-10% rutile, 5-10% ferro-alloys), this coating
brings low high hydrogen levels (< 10 ppm) and electrodes can be kept dry (Easterling,
1992). Because the temperature is high, the covering of the electrode produces a shielding
gas for the molten metal. During the welding process, the covering of the electrode reacts to
eliminate the oxides produced in the fusion process and it cleans the weld metal. Also, the
slag formed in the solidification process protects the weld metal, especially when the
temperature is too high. The electric arc is produced by the ionization of the gases (plasma),
which conduct the electric current. Arc stabilizers are compounds that decompose into ions
arc in the form of oxalates of potassium and lithium carbonate. They increase the electrical
conductivity and improve to conduct the current in softer form. Additionally, the electrode
covering also provides alloying elements and/or metallic powders to the weld metal.
Alloying elements tend to control the chemical composition of the weld metal; metallic
powders tend to increase the deposit rate.

Core wire
b)
Flux covering
a) Electrode holder Welding direction
> Flux droplet Electrode

Electrode

Arc
Workpieceﬁ\
SRR
Cable to workpiece
\__Cable to electrode holder

Fig. 1. Shielded metal arc welding process
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Some advantages of the SMAW welding process is that it is portable and not expensive
compared with others. These features allow that the SMAW process can be employed in
maintenance, repair operations, production of structures or pressure vessels. However, in
welding of aluminum alloys and titanium, the welding process does not provides a
sufficient degree of cleaning because the gas produced by the coating is not enough to
obtained welds free of defects and discontinuities. On the other hand, the deposit rate is
limited because the electrodes must be changed continuously due to its length and the
operator must be stop.

1.2 Gas metal arc welding (GMAW)

GMAW is a welding process that melts and joins metals by heating employing an electric
arc established between a continuous wire (electrode) and metals to be welded, as is shown
in Figure 2. Shielding protection of the arc and molten metal is carried out by means of a
gas, which can be active or inert. In the case of aluminum alloys, non ferrous alloys and
stainless steel Ar gas or mixtures of Ar and He are employed, whereas for steels the base of
the shielding gases is CO,. When using an inert gas, it is kwon as MIG process (Metal Inert
Gas) and MAG when Metal Active Gas is used. GMAW process is one of the most employed
to weld aluminum alloys.
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Fig. 2. Gas metal arc welding process

When using an Ar gas arc, the arc energy has a smaller spread than an arc of He, due to the
low thermal conductivity of Ar. This aspect helps to obtain a metal transfer more stable and
an axial Ar plasma arc. The shielding gas effect on aluminum welding is presented
schematically in Figure 3. The penetration pattern is similar to a bottle nipple when using
Ar, whereas when using He, the cross-sectional area has a parabolic penetration.

Ar 75% Het+25%Ar

Fig. 3. Schematic representation in aluminum welds using different shielding gases

There are three basics metal transfer in GMAW process: globular transfer, spray transfer and
short-circuiting transfer (Kou, 2003).

In the globular transfer, metal drops are larger than the diameter of the electrode, they travel
through the plasma gas and are highly influenced by the gravity force. One characteristic of
the globular transfer is that this tends to present, spatter and an erratic arc. This type of
metal transfer is present at low level currents, independently of the shielding gas. However,
when using CO, and He, globular transfer can be obtained at all current levels.

On the other hand, spray transfer occurs at higher current levels, the metal droplets travel
through the arc under the influence of an electromagnetic force at a higher frequency than in
the globular transfer mode. In this transfer mode, the metal is fed in stable manner and the
spatter tends to be eliminated. The critical current level depends of the material, the
diameter of the electrode and the type of shielding gas.

In short-circuiting transfer, the molten metal at the electrode tip is transferred from the
electrode to the weld pool when it touches the pool surface, that is, when short-circuiting
occurs. The short-circuiting is associated with lower levels of current and small electrode
diameters. This transfer mode produces a small and fast-freezing weld pool that is desirable
for welding thin sections, out-of-position welding and bridging large root openings. Figure
4, shows the typical range of current for some wire diameters.
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Fig. 4. Typical welding current ranges for wire diameter and welding current

The principal advantages of GMAW process with respect to SMAW process are: (i) There is
not production of slag. (ii) Is possible to perform welds in all welding positions. (iii) Rate
deposition is roughly two times than SMAW. (iv) Quality of the welds is very good. (v) Is
possible to weld materials with a short-circuiting transfer mode, which tends to improve the
reparation and maintenance operations.

1.3 Gas tungsten arc welding (GTAW)

This is a welding process that melts metal by heat employing an electric arc with a non
consumable electrode. GTAW process employs an inert or active shielding gas, which
protects the electrode and the weld metal. A schematic representation of GTAW process is
showed in Figure 5. The arc functions as a heat source, which can be directly used for
welding, with or without the use of filler materials. This process produces high quality
welds, but the principal disadvantage is that the rate of deposition is slow and it limits the
range of application in terms of thickness. For instance, in welding of aluminum alloys it is
convenient to use this welding process in thickness no greater than 6 mm, since greater
thicknesses require a large number of passes and the welding operation tends to be
expansive and slow.
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Fig. 5. Schematic representation of GTAW process
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It is possible to use Direct Current (DC) or Alternating Current (AC) to weld by GTAW. In the
case of DC, we can use direct polarity (electrode negative, DCEN) or reverse polarity
(positive electrode, DCEP), Figure 6, shows the polarity effect on the weld.

Direct polarity is the most commonly employed in GTAW. In this case, the electrode is
connected to the negative pole of the heat source and the electrons are emitted from the
electrode and they are accelerated as they travel through the arc (plasma). This effect
produces a high heat in the workpiece and therefore gives a good penetration and a
relatively narrow weld shape.

DCEN DCEP AC

Deep weld Shallow weld Intermediate
no surface cleaning surface cleaning
(@) (b) ©

Fig. 6. Polarity in GTAW

On the other hand, when reverse polarity is used, the electrode is connected to the positive
pole of the heat source. Now the effect of the heating due to the bombardment of the
electrons is higher in the electrode than that of workpiece, which results in a wide weld
bead and shallower than that generated by direct polarity. In this case, due to high energy
concentration in the electrode it is necessary to employ a thicker diameter and a cooling
system to eliminate the electrode tip melting possibility. The bombardment effect by
positive ions of the inert gas removes the oxide film and produces a cleaning effect on the
welding surface. Therefore, reverse polarity can be used to weld materials that are resistant
to oxides such as aluminum and magnesium, if it is not required a high penetration.

When alternating current is used, is possible to obtain a good combination of oxides
elimination (cleanliness) and penetration, as is presented in Figure 6. This polarity is the
most employed to weld aluminum alloys.

There are several types of electrodes to weld by GTAW. These include pure tungsten and
tungsten alloyed with thorium oxide (ThO,) or zirconium oxide (ZrO.), which are added to
improve the arc ignition and to increase the life of electrode. In the last years some alloy
elements have been incorporated, such as cerium and lanthanum, which also increase the
life of the electrode and tend to decrease the risk of radiation that is produced when
electrodes of high thorium content are employed. Zirconium electrodes are preferred for
AC, because they present a higher melting point than pure tungsten or tungsten-thorium.
During the welding process, it is assumed that the electrode tip is hemispherical type. This is a
very important aspect, because the arc stability depends in a greater manner of tip geometry.
There are electrodes of varies diameters, which can range from 0.3 to 6.4 mm. Table 1 presents
the recommended current ratings for different diameters of electrodes using Ar shielding gas.
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Electrode diameter, mm Current, A

1.0 20-50

1.6 50-80

24 80-160
3.2 160-225
4.0 225-330
5.0 330-400
6.4 400-550

Table 1. Recommended electrode diameters and current range employed with Ar shielding
gas

Table 2, presents the gases used as a protection, in GMAW and GTAW. A shielding gas is
selected according to their ionization potential, density, degree of protection and the effect
of oxides removal. For example, it is easier to ionize an Ar gas (15.7 eV) than a He gas
(24.5 eV), and due to this effect the arc ignition tends to be more easy. Furthermore, the Ar
density is higher than He and consequently the penetration of the weld bead is better.

Gas Chemical Molecular Density, g/L Ionization
symbol weigth, g/mol potential, eV

Argon Ar 39.95 1.784 15.7
Carbon dioxide CO» 44.01 1.978 14.4
Helium He 4.00 0.178 245
Hydrogen H; 2.016 0.090 13.5
Nitrogen N> 28.01 1.25 14.5
Oxygen O, 32.00 1.43 13.2

Table 2. Gas shielding properties employed in GMAW and GTAW (Kou, 2003)

1.4 Friction stir welding (FSW)

Friction-Stir Welding (FSW) is a solid-state, hot-shear joining process (Thomas et al.; 1991,
Thomas & Dolby, 2003, Dawes & Thomas, 1996, Mishra & Ma, 2005). The process utilizes a
bar-like tool in a wear-resistant material (generally tool steel for aluminum) with a shoulder
and terminating in a threaded pin. This tool moves along the butting surfaces of two rigidly
clamped plates placed on a backing plate. The shoulder makes a contact with the top surface
of the plates to be welded. The heat generated by friction at the shoulder and to a lesser
extent at the pin surface and it softens the material being welded. Severe plastic deformation
and flow of this plasticised metal occurs as the tool is translated along the welding direction.
The material is transported from the front of the tool to the trailing edge where it is forged
into a joint. Figure 7 shows a schematic representation of FSW.

There are two principal parameters in FSW: tool rotation rate (@, rpm) in clockwise or
counterclockwise direction and the tool traverse speed (v, mm/min) along the line of joint.
The rotation of the tool results in stirring and mixing of material around the rotating pin and
the translation of the tool moves the stirred material from the front to the back of the pin
and finishes welding process. Additionally, the angle of spindle or tool tilt and pressure are
other important process parameters. A suitable tilt of the spindle towards trailing direction
ensures that the shoulder of the tool holds the stirred material by threaded pin and move
material efficiently from the front to the back of the pin. The heat generation rate,
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Fig. 7. Illustration of the friction-stir welding process, b) weld between aluminum sheets and
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Fig. 8. Relationship between rotational speed and peak temperature in FSW of AA6063 (Sato
et al., 2002)
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temperature field, cooling rate, x-direction force, torque and power are totally depended of
the welding speed, the tool rotation speed, the vertical pressure on the tool, etc. Figure 8,
shows a relationship between rotational speed and peak temperature in FSW of a 6063
aluminum alloy (Nandan et al., 2008).

FSW enables long lengths of weld to be made without any melting taking place. This
provides some important metallurgical advantages compared with fusion welding, i.e. no
melting means that solidification and liquation cracking are eliminated; dissimilar alloys can
be successfully joined; the stirring and forcing action produces a fine-grain structure.
However, one disadvantage is that the keyhole (exit hole) remains when the tool is retracted
at the end of the joint (Figure 7b).

Several alloys have been welded by FSW, they included the following aluminum alloys:
5083, 5454, 6061, 6082, 2014, 2219 and 7075 (Nandan et al., 2008).

1.5 Modified indirect electric arc welding technique (MIEA)

Although, welding of aluminum alloys is relatively easy employing friction stir welding,

when the thickness is thick a fusion welding process is usually required to join these materials.

In the case of a fusion welding process, a large amount of heat input can be dissipated via

heat conduction throughout the base material close to the welded zone. Typically, this

thermal dissipation induces localized isothermal sections where the thermal gradient can
have important and detrimental effects on the microstructure and therefore on the
mechanical properties of the material constituting the heat affected zone (HAZ), specially in
aluminum alloys hardening by artificial ageing (Myhr et al., 2004). In order to improve the
mechanical and microstructural conditions of the welded joint in aluminum alloys, the

Modified Indirect Electric Arc (MIEA), has been developed (Ambriz at al., 2006, Ambriz et

al. 2008). This welding technique is based on a simple joint modification which provided

several advantages with respect to the traditional arc fusion welding process, for instance:

i.  The high thermal efficiency that allows welding plates by using a single welding pass.
As a result, the thermal effect is reduced and the mechanical properties of the HAZ are
improved as compared to a multi-pass welding procedure,

ii. The dilution percent of the weld pool is higher; which tends to improve the hardening
effect after performing a post weld heat treatment (PWHT) (Ambriz et al., 2008),

iii. The solidification mode promotes an heterogeneous nucleation and jointly diminishes
the micro-porosity formation,

iv. The geometry of the welding profile improves the fatigue performance of the welded
joint (Ambriz et al., 2010a).

MIEA welding technique employs the same equipment that is required to weld by GMAW.

A schematic representation of the MIEA joint is present in Figure 9.

2. Importance of microstructure and mechanical properties on aluminum
welds

After welding, the microstructure and mechanical properties conditions are the principal
aspects that determine the appropriate perform in structures and components of aluminum
alloys. It means that it is necessary to know exactly the mechanical behavior of the welded
joint, including the global and local mechanical properties. This is necessary because the
temperature susceptibility of some aluminum alloys tends to change in a great manner the
microstructure conditions in the fusion zone and in the HAZ. Here are some results on the
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microstructural and mechanical conditions in welding of aluminum alloys, especially for
FSW and MIEA.

Electrode
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Gravity force
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Heat flow

Fig. 9. Schematic representation of MIEA welding technique

2.1 Microstructure

After a fusion welding process two principal zones are identified in the welded joints
named: Fusion Zone (FZ) and Heat Affected Zone (HAZ) whereas in the case of FSW three
different zones are formed: stirred zone (nugget), Thermo-Mechanical Affected Zone
(TMAZ) and the HAZ (Mishra & Ma, 2005). These zones are showed in the macrographs of
Figure 10.

Advancing

Fig. 10. Principal zones in welding of aluminum, a) MIEA welding technique (Al-6061-T6)
and b) FSW (Al-7075-T651)

2.1.1 Weld metal microstructure in MIEA

In a fusion welding process, the heat input produces a fusion-solidification phenomenon,
which is different to that obtained in the solidification of an ingot. (i) In an ingot,
solidification begins with heterogeneous nucleation at the chill zone meanwhile in a weld
pool the liquid metal partially wets the grains of the parent metal and epitaxial growth takes
place from the partially melted grains of the parent metal (Davies et al., 1975). (ii) The rate of
solidification in a weld pool, which depends on the traveling speed as well as the welding
process, is by far faster than in an ingot. (iii) The macroscopic profile of the solid/liquid
interface in welds progressively changes as a function of the traveling speed of the heat
source whereas it exclusively depends on the time for an ingot. (iv) The movement of the
liquid metal in a weld pool is greater than in an ingot due to the Lorentz forces which create
turbulence within the molten metal (Grong, 1997). Figure 11 shows longitudinal views,
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which depict the direction of solidification of the welds, for a multi-pass welding and MIEA
with different preheating conditions. The arrows indicate the displacing direction of the
electric arc.

Fig. 11. Longitudinal top view of the weld metal grain structure at the mid plane for:
a) single V groove, b)-d) MIEA

Figure 11a corresponds to the single V groove joint and it shows the crystalline growth of a
columnar-dendritic structure at a given angle with respect to the direction of the heat
source. This feature is determined by the traveling speed of the welding torch. In this
instance, the rate of the local crystalline growth tends to be that of the welding process. This
phenomenon is illustrated by means of a schematic representation in Figure 12.

It is possible to observe that the local crystalline growth, R, is always larger than the
nominal crystalline growth, Ry, since there are directions in which growth occurs
preferentially. Thus, the rate of crystalline growth tends to be the traveling speed of the heat
source, v, when the angles are less pronounced (when a —0 and ¢ — 0), according to the
following equation (Grong, 1997).

Ry vcosa

R cos¢  cos¢ @)
The changes in direction are readily appreciated for the longitudinal view shown in Figure
11a. Competitive growth toward the heat source is evident, giving rise to columnar grains;
this characteristic is typical of arc fusion welding processes. Analyzing equation (1) along
with Figure 12, it is apparent the increase of the rate of crystalline growth as a function of
the changes in orientation of the crystalline growth with regard to the largest thermal
gradient of the weld pool. It is clear thus that local crystalline growth is favored due to the

prevailing high temperature conditions.
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Fig. 12. Schematic representation of the local and nominal crystal growth rate (Ambriz et al.,
2010b)

The longitudinal macrostructures for the MIEA joint, Figures 11b-d, exhibit significant
differences with respect to the multi-passes single V groove joint. Irrespective of the
preheating condition, the local crystalline growth maintains an angle nearly constant in
relation to the moving heat source. The virtual non existence of changes in growth direction
means that the local and nominal rates of crystalline growth tend to be equal. This
phenomenon yields a significantly different grain structure in the weld metal for the MIEA
joint as compared to the structure observed for the single V groove joint. It leads, in fact, to a
grain refining effect which is obviously affected by the initial preheating temperature of the
joint.

Figure 13 shows the grain structure at the bottom, mid height and top of the welds. These
micrographs correspond to equivalent positions between welds and were captured at the
same magnification. A dramatic change in the size and morphology of the grains is
observed for the single V groove joint. Besides, some levels of porosity, as indicated by the
arrows, are visible. The fine grain size present in the root pass is ascribed to the rapid
cooling and/or to recrystallisation effects owing to subsequent welding passes which
increased the heat input and caused grain growth toward the top of the weld.
Microstructural examination of the fusion line revealed epitaxial growth from partially
melted grains and columnar-dendritic grains. The micrograph in Figure 13 at the top of the
single V weld shows that this solidification mechanism prevails between welding passes.
On the other hand, the microstructures obtained for the MIEA joints do not exhibit major
changes in morphology and size with regard to position. Thus, while the microstructures for
the single V groove joint show that competitive growth occurs during solidification, the
MIEA joint exhibit signs of heterogeneous nucleation which promotes grain refining. Figure
14 shows a micrograph obtained in the Scanning Electron Microscope showing
heterogeneous nucleation in MIEA. Also, the levels of porosity in the MIEA joints decrease
with preheating temperature (50, 100 and 150 °C) and are comparatively lower than that
obtained in the single V groove joint. Epitaxial solidification is also observed at the fusion
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line of the MIEA welds, however, competitive columnar growth was restricted instead grain
structures alike those observed in the centre of the weld metal (Figure 13) were present. The
characteristics of solidification observed for the MIEA welds in Figure 13 are the result of
heterogeneous nucleation which is based on the principle of the formation of a critical radii
needed to achieve the energy of formation from potential sites for nucleation such as
inclusions, substrates or inoculants (Ti or Zr) (Rao et al., 2008; Ram et al., 2000; Lin et al.,
2003). For the MIEA welds, these sites are principally the sidewalls of the joint in
conjunction with the content of Ti in the filler and base metal since the significant dilution of
base metal favors incorporation of Ti into the weld pool.

Top
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Centre FERMPEISNTT pin, § Grain Siee-179 um. | Grain Size-197 pm | GrainSize~235 jim
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Fig. 13. Optical micrographs in welding of 6061-T6 for multipass welding process and MIEA
with three different preheating (50, 100 and 150 °C)

Fig. 14. Scanning electron micrographs showing heterogeneous nucleation in welding of
6061-T6 aluminum alloy obtained by MIEA
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Generally speaking MIEA joint yields homogeneous grain refined microstructures in the
weld metal, having the average grain size well below than that obtained with the
conventional single V groove joint. The differences in grain size and morphology between
single-V groove and MIEA joints are expected to have a significant impact on the
mechanical performance of the welds. Before dealing with this aspect, it is worth to
elucidate about the possible mechanism that gives rise to a self-refining effect when welding
with the MIEA joint technique.

2.1.2 Nugget zone in FSW

The intense plastic deformation and frictional heating during FSW results in the generation
of a recrystallized fine-grained microstructure within the stirred zone (Mahoney et al., 1998).
This is usually referred to as a weld nugget (or nugget zone) or dynamically recrystallized
zone. Also, under the same FSW conditions, onion ring structure is observed in the nugget
zone, as is presented in Figure 15.

Pin shoulder side
Advancing side Retreating side

Onion ring
laverting

Parental
material

Anvil side

Fig. 15. Optical image showing the macroscopic features (Nandan et al., 2008) ina
transverse section of FSW of 2195-T81 Al-Li-Cu alloy. Note the onion-ring and the adjacent
large upward movement of material

Depending on the processing parameter, tool geometry, temperature of the workpiece, and
thermal conductivity of the material, various shapes of nugget zone have been observed.
Basically, nugget zone can be classified into two types, basin-shaped nugget that widens
near the upper surface and elliptical nugget. Sato et al. (Sato et al., 1999) reported the
formation of basin-shaped nugget on friction FSW of 6063-T5 aluminum alloy plate. They
suggested that the upper surface experiences extreme deformation and frictional heating by
contact with a cylindrical-tool shoulder during FSW, thereby resulting in generation of
basin-shaped nugget zone. On the other hand, Rhodes et al. (Rhodes et al., 1997) and
Mahoney et al. (Mahoney et al., 1998) reported elliptical nugget zone in the weld of 7075-
T651 aluminum alloy.

In terms of grain size it is well know that FSW produces a fine structure, which is a direct
function of the welding parameters like: tool geometry, chemical composition of the
workpiece, temperature of the workpiece, vertical pressure and active cooling. For example,
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in FSW of 6061-T6 aluminum alloy is possible to obtain a grain size near to 10 um (Liu et al.,
1997). Figure 16 illustrates the characteristic microstructures in 2024 and 6061 aluminum
alloys welds obtained by FSW. One of the principal parameters which affect the grain size in
FSW is the tool rotation, as was reported previously (Sato et al., 2002).

Fig. 16. Representative 2024A1/6061 Al FSW microstructure comparison, a) 2024 Al base

plate grain structure, b) 2024 Al lamellar weld zone grain structure and c) 6061 Al base plate
grain structure (Li et al., 1999)

2.1.3 Thermo-mechanically affected zone

In FSW a Thermo-Mechanically Affected Zone (TMAZ) is formed between the parent metal
and the nugget zone, as shown in Figure 10b. The TMAZ experiences both temperature and
deformation during welding process. The TMAZ is characterized by a highly deformed
structure. Although the TMAZ underwent plastic deformation, recrystallization does not
occur in this zone due to insufficient deformation strain. However, dissolution of some
precipitates is observed, due to the high-temperature. The extent of dissolution depends on
the thermal cycle experienced by TMAZ.

2.1.4 Heat affected zone

Heat Affected Zone (HAZ) is present in fusion welding as well as in FSW processes. The
wide of this zone is a direct function of the heat input and the thermal conductivity of the
materials to be welded. Obviously the HAZ in FSW tends to be lower than that obtained in a
fusion welding process. The HAZ is very important in welding of aluminum alloys,
especially in alloys hardened by precipitation (artificial ageing), for instance 2024-T6, 2014-
T6, 6061-T6 and 7075-T6. During artificial ageing in Al-Mg-Si alloys (6000 series), a high
density of fine, needle-shaped B” particles are formed uniformly in the matrix (aluminum,
a)). This precipitate is the dominating hardening phase, which is produced according to the
following precipitation sequence (Dutta & Allen, 1991).

Super-Saturated Solid Solution (S55) — Solutes clustering — GP zones (spherical) —
B (needle)—>p’ (bar)—p
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However, since these precipitates are thermodynamically unstable in a welding process, the
smallest ones will start to dissolve in parts of the HAZ where the peak temperature has been
above the ageing temperature (> 160 °C), while the larger ones will continue grow (Dutta &
Allen, 1991). Close to the weld fusion line full reversion of the " particles is achieved. At
the same time, coarse rod-shaped P’ precipitates may form in the intermediate peak
temperature range. This microstructural transformation is showed in Figure 17.

Fig. 17. TEM bright field images of microstructures observed in the <100> Al zone axis
orientation after artificial ageing and Gleeble simulation (Series 1), a) Needle-shaped "
precipitates which form after artificial ageing, b) Mixture of coarse rod-shaped f’ particles
and fine needle-shaped B” precipitates which form after subsequent thermal cycling to T}, =
315 °C (10 s holding time), c) Close up of the same precipitates shown in b) above, d) Coarse
rod-shaped B particles which form after thermal cycling to T, = 390 °C (10 s holding time)
(Myhr et al., 2004)

2.2 Mechanical properties

2.2.1 Microhardness

In order to determine the effect of the welding process in aluminum alloys, a common
practice is to perform a microhardness profile in a perpendicular direction to the weld bead,
as is showed in Figure 18. Standard Vickers measurements are conducted with an
appropriate penetration force and time, i.e. 1 N and 15 s. The indentation is measured and
the hardness is calculated applying equation 2:
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where HV is expressed in MPa if P is given in N and d, the indent diagonal, in mm.

70 mm
HAZ Weld HAZ
U
9.5 mm | 8 mm|
Base metal / \Ml
Indentations 2 Tm
0.5 mm

Fig. 18. Mesh definition for classical Vickers indentation measurements

Microhardness measurements give a general idea of the microstructural transformations
and the variation of the local mechanical properties (Ambriz et al. 2011) produced after a
welding process in aluminum alloys.
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Fig. 19. Microhardness profile in aluminum alloys welds, a) 6061-T6 alloy welded by MIEA
and b) 6082-T6 alloy welded by FSW (Moreira et al., 2007), note that 1HV=9.8x103 GPa

Figure 19 presents the Vickers hardness number profile in two different aluminum alloys
welds obtained by MIEA and FSW. In both cases a significant difference for the hardness
number of the weld material and HAZ with respect to the base material (~ 1.05 GPa or 107.1
HVy,) is observed. Also, at the limit between the HAZ and the base metal, we note the
presence of a soft zone which is formed nearly symmetrically in both sides of the welded
joints. It should be note that the hardness obtained in this zone represents roughly 57 % of
the hardness number of the base material. This seems to indicate that the tensile mechanical
properties after welding process will be greatly different. Figure 20 visualizes the location of
the soft zone highlighted by the Vickers hardness profile represented in Figure 19a, by
means of a hardness mapping. In this figure, the hardness values for each zone of the
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welded joint are well-defined. It is clear that in the soft zone (HAZ) the hardness number
range is between 0.55 to 0.7 GPa. This soft zone results from the thermodynamic instability
of the B” needle-shaped precipitates (hard and fine precipitates) promoted by the high
temperatures reached during a fusion welding process. Indeed the temperatures reached
during the welding process are favorable to transform the B’ phase, rod-shaped, according
to the transformation diagram for the 6061 alloy.

-

HY, G:Pa

Y, mm

Fig. 20. Vickers hardness mapping over the welded zone

2.2.2 Tensile properties

The individual mechanical behaviour of the base metal, weld metal, HAZ and welded
samples in as welded condition for 6061-T6 aluminum welds by MIEA is shown in Figure 21
as stress as function of strain graph.

From Figure 21, it can be observed that the experimental results for the base metal are in
agreement with nominal values found in the literature for 6061-T6 alloy (American Society
for Metals Fatigue and Fracture, 1996). Also, the base metal exhibits the best mechanical
properties and well defined proportional limit. The tensile properties of the sample obtained
from the HAZ presents a 41% and a 19 % reduction of the ultimate strength with respect to
the base metal and weld metal respectively. The loss of mechanical strength, commonly
referred to as over-aging, when welding a 6061-T6 alloy is a fairly well understood
phenomenon and it is explained in terms of the precipitation sequence. During welding,
however, the base metal adjacent to the fusion line is subjected to a gradient of temperature
imposed by the welding thermal cycle. At certain distance from the fusion line, the cooling
curve crosses the interval of temperatures between 383 to 250 °C in which the B’ phase, rod-
shaped, is stable. It is thus the transformation of 3" into B’ the responsible of the decrease in
hardening of the o matrix due to the incoherence of the B’ phase caused by the
thermodynamic instability of B in a welding process.

On the other hand, in the case of FSW for 6061-T6, the same effect (over-ageing) is observed,
although in this case the welded specimens represents an ultimate strength of 70% of the
base material (Moreira et al., 2007). The conventional stress-strain curves are presented in
Figure 22.
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Fig. 22. Tensile tests of MIG and FS welded specimens (Moreira et al., 2007)

2.2.3 Fatigue crack growth
Fatigue behavior of aluminum alloys welded by conventional process has been investigated

by some authors (Ambriz et al. 2010b; Branza et al., 2009; Seto et al., 2004). In terms of
fatigue behavior considering FSW, some interesting studies have been published (Matic &
Domazet, 2005, Chiarelli et al., 1999, James & Paterson, 1998). This part presents the
experimental results in terms of Fatigue Crack Growth (FCG) in the weld metal, heat
affected zone and base material of 6061-T6 aluminum alloy welded by MIEA. These results
were compared in terms of FCG with those reported previously (Moreira et al., 2008) for

FSW of the same alloy.
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Figure 23, presents the crack length as a function of number of cycles for base metal, weld
metal and HAZ in 6061-T6 welds by MIEA, for AP equal to 2.5 and 3.0 kN. In general, the
a-N curves showed in Figure 23 reveal a notable difference in terms of crack length for each
material as a function of the number of cycles, nevertheless the small change in AP (Ambriz

et al., 2010Db).
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Taking into account the power-law region showed in Figure 24, the experimental results for

a, were plotted in da/dN versus AK graphs according to Paris law:
da n

—=C(AK 3
N - C(4K) ®)
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where C and n are constants obtained directly from the fitting curve. Figure 25, presents the
FCG data obtained for the base metal, weld metal and HAZ in MIEA, as well as the
comparison with FSW data, found in the literature (Moreira et al., 2008). In general terms,
the experimental results for MIEA welds adjust very well with equation 3.
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Fig. 25. Fatigue crack growth rate as function of stress intensity factor range

Figure 25a, shows the FCG for base metal in both directions. This graph shows that the
microstructure aspect (anisotropy) does not have an important influence in terms of FCG
as could be expected, taking into consideration that yield strength in the base metal
parallel to rolling direction is higher than transverse direction. However this is not the
case for the weld metal and HAZ (Figures 25b-c), in which the crack tends to propagate
faster than base metal. Under this scenario, the FCG behavior for base metal (L-T) was
taken as a basis to perform a comparative table between the weld metal and HAZ of
MIEA and FSW. Table III, presents the crack growth rate, da/dN and the stress intensity
factor range AK, for base metal, weld metal and HAZ corresponding to a critical crack
length in MIEA welds. For comparison effects, values for da/dN in MIEA were taken to

compute the AK in FSW.
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Base MIEA FSW
metal
Weld HAZ Weld HAZ
metal metal
da/dN (mm/cycle) 1.981x103  1.0x1073 1.413x103  1.0x10-3 1.413x103
AK (MPa m1/2) 30.41 17.27 19.46 23.98 19.51
(da/dN)l-/(da/dN)BM 1.0 0.50 0.71 0.50 0.71
(AK)i/(AK)BM 1.0 0.57 0.64 0.79 0.64

BM = base metal, i corresponds to weld metal or HAZ for MIEA or FSW.
Table 3. Comparative table between MIEA and FSW based on a critical crack length

The results presented in table 3 indicate that, there is an important difference in AK for weld
metal and HAZ, independently of the welding process. In this way, it should note that AK
for weld metal in MIEA represents only 57% of the base metal, unlike the AK for weld metal
in FSW, which reach a 79% with respect to base metal. This means that FCG rate are higher
in MIEA weld metal than FSW, as can be seen in Figure 25b. This behavior is totally related
to the joining processes; it means that MIEA is a welding technique based on a fusion
welding process that employs a high silicon content filler metal, which produces a self grain
refining, but a brittle microstructure in the weld metal (Ambriz et al., 2010c). On the other
hand, FSW is a solid-state joining process that does not use a filler metal (Nandan et al,,
2008). Thus, chemical composition in weld metal is similar to the base metal and
microstructural characteristics related to dynamic recrystalization tends to be better than
MIEA.

In contrast, Figure 25c, shows that FCG rate in MIEA and FSW is similar in the HAZ. The
stress intensity factor relation was 64% with respect to base metal. It is noted that thermal
effect produced by the microstructural transformation of very fine precipitates needle shape
B”, to coarse bar shape " precipitates, has a profound impact in the HAZ crack growth rate.
It confirms that, independently of the welding process (MIEA and FSW), the crack growth
conditions are directly influenced by the temperature within the HAZ, which is normally
above of the aging temperature of the alloy, causing a hardening lost and important
decrease in mechanical properties.

3. Conclusion

Some welding process can be employed to weld aluminum alloys. In this chapter the
fundamental characteristics of the most common welding processes have been presented,
such as: shielded metal arc welding (SMAW), gas metal arc welding (GMAW), gas tungsten
arc welding (GTAW), friction stir welding (FSW), and a new welding technique named
modified indirect electric arc (MIEA). Special attention has presented on welding of 6061-T6
aluminum alloy welded by MIEA and FSW. In the case of MIEA welds important micro-
structural characteristics in terms of morphology and grain size has been observed with
respect to those obtained by a multi-pass welding process (GMAW). It means that when
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MIEA is used, the solidification process tends to promote a heterogeneous nucleation, thus
an auto-refinement of the grain size is promoted. However, when multi-pass welding
process is employed (GMAW) columnar-epitaxial solidification prevails causing an increase
in terms of grain size. On the other hand, the grain structure in the fusion zone produced by
FSW has the better characteristics in terms of grain size (~10 um).

A few mechanical properties after a welding process of 6061-T6 aluminum alloy have been
presented. It is observed that quasi-static mechanical properties decrease in a dramatic
manner in MIEA as well as in FSW, this aspect is totally related to the micro-structural
transformation in the heat affected zone of very fine needle shape " precipitates to coarse
bar shape P’ precipitates produced by the thermal effect during the welding process
(thermodynamic instability). This micro-structural transformation has been quantified by
means of a micro-hardness map from which is possible to observe the soft zone formation
where the failures are presented after a monotonic load (tension load).

Fatigue crack growth behaviors in weld metal, HAZ and base metal of 6061-T6 welded
joints obtained by MIEA were quantified. It was observed that the worst crack growth
conditions are presented in the fusion zone (weld metal), which are related to brittle micro-
structure characteristics due to abundant presence of eutectic Si. A comparison between
weld metal for FSW and the MIEA indicates that fatigue crack growth rate in the MIEA is
higher than that in FSW; it means that for a critical crack length, the AK represents a 57% of
the base material, whereas in the case of FSW it reaches a 79%. In addition, it was observed
that the fatigue crack growth rate in the HAZ tends to be similar in both welding processes.
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1. Introduction

Tailor-welded blanks (TWB) are blanks with sheets of similar or dissimilar thicknesses,
materials, coatings welded in a single plane before forming. Applications of TWB include
car door inner panel, deck lids, bumper, side frame rails etc. in automotive sector (Kusuda et
al.,, 1997; Pallet & Lark, 2001). Aluminium TWBs are widely used in automotive industries
because of their great benefits in reducing weight and manufacturing costs of automotive
components leading to decreased vehicle weight, and reduction in fuel consumption. The
general benefits of using TWBs in the automotive sector are: (1) weight reduction and hence
savings in fuel consumption, (2) distribution of material thickness and properties resulting
in part consolidation which results in cost reduction and better quality, stiffness and
tolerances, (3) greater flexibility in component design, (4) re-usage of scrap materials to have
new stamped products and, (5) improved corrosion resistance and product quality?. The
forming behaviour of TWBs is affected by weld conditions viz., weld properties, weld
orientation, weld location, thickness difference and strength difference between the sheets
(Bhagwan, Kridli, & Friedman, 2003; Chan, Chan, & Lee, 2003). The weld region in a TWB
causes serious concerns in formability because of material discontinuity and additional
inhomogeneous property distribution. Above said TWB parameters affect the forming
behaviour in a synergistic manner and hence it is difficult to design the TWB conditions that
can deliver a good stamped product with similar formability as that of un-welded blank.
Designers will be greatly benefited if an expert system is available that can deliver forming
behaviour of TWB for varied weld and blank conditions. Artificial neural network (ANN)
modelling technique is found to show better prediction of any response variable that is
influenced by large number of input parameters. Artificial Neural Networks are relatively
crude electronic models based on the neural structure of the brain. The building blocks of
the neural networks is the neuron, which are highly interconnected. In the artificial neural
networks, the neurons are arranged in layers: an input layer, an output layer, and several
hidden layers. The nodes of the input layer receive information as input patterns, and then
transform the information through the links to other connected nodes layer by layer to the
output nodes. The transformation behavior of the network depends on the structure of the

Thttp:/ /www.ulsab.org
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network and the weights of the links. A neural network has to go through two phases:
training and application. During the learning, the training of a network is done by exposing
the network to a group of input and output pairs. In the recognition phase, after it is trained,
the network will recognize an untrained pattern. Application of ANN modelling technique
in predicting the formability of TWB will definitely be helpful in understanding and
designing the TWB conditions that can deliver a better stamped product.

This chapter describes the tensile and deep drawing forming behaviour of aluminium TWBs
and prediction of the same using expert system based on ANN models. Standard tensile
testing and square cup deep drawing set up are used to simulate the tensile and deep
drawing processes respectively using elastic-plastic finite element (FE) method. The sheet
base materials considered for the present work is a formable aluminium alloy. Global TWB
tensile behaviour like yield strength, ultimate tensile strength, uniform elongation, strain-
hardening exponent, strength coefficient, limit strain, failure location, minimum thickness,
and strain path, and deep drawing behaviour viz., maximum weld line movement, draw
depth, maximum punch force, draw-in profile are simulated for a wide range of thickness
and strength combinations, weld properties, orientation, and location. Later, ANN models
are developed to predict these tensile and deep drawing behaviour of TWBs. ANN models
are developed using data set obtained from simulation trails that can predict the tensile and
drawing behaviour of TWB within a chosen range of weld and blank conditions. To
optimize the training data and thus the number of FE simulation, techniques from design of
experiments (DOE) have been used for systematic analyses. The accuracy of ANN
prediction was validated with simulation results for chosen intermediate levels. The results
obtained are encouraging with acceptable prediction errors. An ‘expert system framework’
has been proposed by the authors (Veerababu et al., 2009) for the design of TWBs and the
study described in this chapter is part of this framework to predict the formability of
aluminium TWBs (Abhishek et al., 2011; Veerababu et al., 2009, 2010).

2. Formability studies on aluminium TWBs

The forming behaviour of aluminium TWBs is critically influenced by thickness and
material combinations of the blanks welded; weld conditions like weld orientation, weld
location, and weld properties in a synergistic manner. The impact of above said parameters
on the tensile and forming behaviour of TWB in general viz., stress-strain curve, forming
limit strain, dome height, deep drawability, and weld line movement can be understood
from the existing work (Bhagwan et al., 2003; Chan et al., 2003, 2005). The variation of the
experimental formability results found in the literature for aluminium TWBs appears to be
large (Davies et al., 1999). Aluminium TWBs for automotive applications are particularly
problematic because of the low formability of aluminium weld metal. Friction stir welding
(FSW) is a process recently applied to aluminium TWBs that has the potential to produce a
higher quality weld. Friction stir welding utilizes frictional heating combined with forging
pressure to produce high-strength bonds virtually free of defects. Friction stir welding
transforms the metals from a solid state into a plastic-like state, and then mechanically stirs
the materials together under pressure to form a welded joint. In this process the tool is a
dowel which is rotated at speeds depending on the thickness of the material. The pin tip of
the dowel is forced into the material under high pressure and the pin continues rotating and
moves forward. As the pin rotates, friction heats the surrounding material and rapidly
produces a softened plasticized area around the pin. As the pin travels forward, the material
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behind the pin is forged under pressure from the dowel and consolidates to form a bond. In
a study (Miles et al., 2004), three aluminium alloys: 5182-O, 5754-O, and 6022-T4 were
considered and TWBs were made using gas tungsten arc welding process. All three of these
alloys are being used to fabricate stamped automotive parts. The gas tungsten arc welding
process has been used to make aluminium TWBs industrially, so results using this process
were compared to FSW results. The results of tensile and formability tests suggest that the
5xxx series alloys had similar tensile ductility and formability regardless of the welding
process. However, the 6022-T4 sheets joined using FSW had better formability than those
joined using gas tungsten arc welding because FSW caused less softening in the heat-
affected zone. Other welding processes like non-vacuum electron beam (NVEB) and
Nd:YAG laser techniques have also been studied for welding aluminium TWBs (Shakeri et
al., 2002). In that study, a limiting dome height (LDH) test is used to evaluate formability of
the AA5754 sheet TWBs with gauge combinations 2 to 1 mm, 1.6 to 1 mm and 2 to 1.6 mm.
Different weld orientations were considered and the failures of TWBs were studied. In
general the failure occurs in welds and the thinner gauge. Weld orientation has a
predominant effect on the formability of the TWBs. In a study (Stasik & Wagoner, 1998),
laser welded 6111-T4 and 5754-O blanks were tensile tested, and longitudinal weld TWB's
were formability tested using the OSU formability test. In the study, press formability was
found to be much greater than the inherent weld ductility. Both materials had satisfactory
TWB formability under longitudinal deformation, but 6111-T4 was severely limited under
transverse loading, because of a softer heat-affected zone in the heat-treatable alloy. The
effects of welds with transverse and longitudinal orientations on the formability of
aluminium alloy 5754-O laser welded blanks using the swift cup test has been reported
(Cheng et al., 2005). The results showed that longitudinal TWBs underwent considerable
reduction in the forming limit when compared with transverse TWBs, and an un-welded
blank. Transverse welded blanks exhibit approximately the same forming limit as that of an
un-welded blank. However, the effect may change if the weld is placed at critical locations,
say, at some offset from the centre-line.

Few research groups have aimed at predicting the formability of aluminium welded blanks
by using different necking theories and FE simulations. For example, Jie et al. (2007) studied
the forming behaviour of 5754-O Al alloy sheets, where in the forming limit curve (FLC) of
welded blanks with thickness ratio of 1:1.3 was experimentally evaluated and predicted
using localized necking criterion based on vertex theory. It is found from the analysis that
the forming limit of the TWB is more closer to thinner material FLC and the experimental
and predicted FLCs correlate well with each other. Davies et al. (2000) investigated the limit
strains of aluminium alloy TWB (1:2 mm thickness), where in the FLCs predicted by
Marciniak-Kuczynski (M-K) analysis are compared with the experimental results. Here the
geometrical heterogeneity, i.e., the initial imperfection level, involved in the welded blank is
modelled by using the strain-hardening exponent determined from miniature tensile testing
together with the Hosford yield criterion, to determine a level of imperfection that exactly
fits an failure limit diagram (FLD) to each experimentally evaluated failure strains. These
empirically determined initial imperfection levels were statistically analyzed to determine
the probability density functions for the level of imperfection that exists in un-welded and
welded blanks. Since the imperfection level is not a single value and follows a statistical
distribution, a means of selecting a single value for imperfection is formulated. Two
different FLCs - namely, failure FLC and safe FLC - were defined. The first FLC was based
upon an imperfection that represents a 50 per cent predicted failure rate and was designated
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the average or failure FLC. The second FLC was based upon an imperfection level that
represents a 0.1 per cent predicted failure rate. This second FLC represents a failure rate of 1
part in 1000 and was defined as the safe FLC. The safe FLCs thus predicted are found to
have good agreement with the experimental safe FLCs, except in the bi-axial stretching
region. The influence of considering different constitutive behaviour of weld region on the
prediction levels and strength imperfections across the weld region in the model are also
discussed in the work. Recently, Ganesh & Narasimhan (2008) predicted the forming limit
strains of laser welded blanks by using thickness gradient based necking theory
incorporated into a FE simulation code PAMSTAMP 2G®. It is found that the predictions
are good in drawing region of FLD, with deviation in stretching region.

Studies on deep drawability and other forming behaviour of welded blanks involving both
experimental and simulation are available for some aluminium base materials. In a study
(Buste et al., 2000) numerical prediction of strain distribution in multi-gauge, aluminium
alloy sheet TWBs welded by NVEB and Nd:YAG process is performed by modelling LDH.
The study indicates that the Nd:YAG process is superior to the NVEB process considered.
Nd:YAG welded blanks generally fail in the thinner parent metal away from the fusion
zone. In general, the model agrees with measured strain distributions relatively well,
particularly in cases when weld failure dominates as in the NVEB welds. Heo et al. (2001)
investigated the characteristics of weld line movement during rectangular cup deep
drawing where in draw bead has been used in the thinner blank side to restrict the
movement of weld zone. Finite element simulations were also performed and compared
with experimental results. An analytical model has been developed by Bravar et al. (2007)
and Kinsey & Cao (2003) to predict the weld line movement and dome height for a typical
application. This has been compared with numerical simulations and results were quite
satisfactory. An interesting work was done by Lee et al. (2009) in predicting the forming
limit and load-stroke behaviour of FSW blanks. In this investigation, wide variety of
automotive sheet materials including 5083-O aluminium alloys sheets were experimentally
tested and their forming limit were predicted using M-K model. The predictions are in good
agreement with the experimental FLCs. From the above discussion, it is clear that one has to
follow a limit strain theory in conjunction with numerical or analytical methods to predict
the forming limit strains of welded blanks for different base material and weld conditions.
Designing TWB for a typical application will be successful only by knowing the appropriate
thickness, strength combinations, weld line location and profile, number of welds, weld
orientation and weld zone properties. Predicting these TWB parameters in advance will be
helpful in determining the formability of TWB part in comparison to that of un-welded base
materials. In order to fulfil this requirement, one has to perform lot of simulation trials
separately for each of the cases which is time consuming and resource intensive.
Automotive sheet forming designers will be greatly benefited if an ‘expert system’ is
available for TWBs that can capture the wealth of knowledge created by the simulations and
experiments and deliver the forming behaviour for varied weld and blank conditions.
Experts system like "TENSALUM" (Emri & Kovacic, 1997) have shown the significant
advantage of using them for computer-assisted testing of aluminium and aluminium alloys
according to various standards. The authors are presently working on an research scheme to
develop an ‘expert system’ for welded blanks that can predict their forming behaviour
including tensile, deep drawing behaviour under varied base material and weld conditions
using different formability tests, material models, and formability criteria. The knowledge
base is constructed using learn by analogy engines based on ANNs that can predict the
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tensile behaviour and other forming characteristics of TWBs for a wide range of thickness,
strength combinations and weld properties. The knowledge is acquired using simulations
that simulate the tensile or other forming process using computer aided analysis of material
behaviour. The expert system framework created the knowledge acquisition and inference
methods are described further in the following sections.

3. The expert system framework

Developing artificial intelligent system like expert system, especially in fields like material
forming and deformation behaviour, die design, casting design, machining processes,
energy engineering, metallurgy, condition monitoring etc. is of interest to manufacturing,
design engineers and scientists for long time (Asgari et al., 2008; Cakir & Cavdar, 2006;
Dominczuk & Kuczmaszewskim, 2008; Ebersbach & Peng, 2008; Palani et al., 1994; Stein et
al., 2003; Yazdipour et al., 2008). There has been a sustained interest in the sheet metal
industry to create and use expert systems. Computer aided blanking process planning for
aluminium extruded material using an expert system has been reported (Ohashi et al., 2002).
The system identifies blanking features and sequences them to prepare the final product
from the raw material. Specific to sheet metal forming and deep drawing studies, Manabe et
al. (1998) have created an expert system framework for predicting and controlling blank
holding force in a drawing process as the friction changes during the process. In summary,
one can see the significance of the application of expert system in sheet metal process
industry.

An expert system is domain specific system which emphasizes the knowledge used by an
expert for solving problems in that domain (Wang et al., 1991). Typical expert system has a
knowledge acquisition facility, a knowledge base and an inference subsystem that helps the
end user as well as in continuous updating of knowledge base. Expert systems incorporate
three basic types of knowledge: factual or data-oriented knowledge, rule-based or
judgmental knowledge, and procedural or control knowledge embodied within a model
base. An important trend in knowledge bases is the convergence of these three kinds of
knowledge within a single system. There are several expert system frameworks reported in
literature for application in computer aided engineering and one of the earlier work (Dym,
1985) provides a comprehensive discussion. The present expert system is data driven system
with the knowledge acquisition enabled by modelling and simulation and knowledge base
using artificial neural networks (Veerababu et al., 2009). The proposed expert system design
is shown in Figure 1. This expert system is expected to involve three different phases viz.,
Phase 1 where in input base materials, TWB conditions and material model selection will be
done, Phase 2 where in different forming behaviour can be selected for prediction, and
Phase 3 involves use of the results as well as updating of the expert system if the prediction
errors with simulation results are not acceptable. All the three phases have a design mode of
operation where an initial expert system is created and put in place. The created expert
system is then operated in use and update mode.

In Phase 1, while the expert system is designed, a range of material properties and TWB
conditions are defined within which ANN models are developed to predict the results as
will be discussed in the later sections. The same phase while operated in the usage mode,
the user selects base material properties and TWB conditions within the chosen range for
application and prediction of formability. In this phase, user can select different material
models viz., strain-hardening laws and yield theories to predict the forming behaviour.
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Fig. 1. Expert system framework (Veerababu et al., 2009)
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There is no single strain-hardening law and yield theory that can predict the forming
behaviour of TWBs made of varied sheet materials accurately. Hence in the design mode,
ANN models will be developed to predict the forming behaviour using different material
models. As a result, in the usage mode of the expert system, the user can opt for desired
material models to predict the forming characteristics. The Phase 2 involves selecting the
forming behaviour to be predicted for chosen base material and weld conditions. In the
design mode, tensile behaviour, formability characteristics, deep drawability of welded
blanks will be simulated by standard formability tests. Different category of industrial sheet
parts will be simulated and expert system will be developed to predict their forming
behaviour. For example, the global tensile behaviour of TWB viz., stress-strain curve, yield
strength, ultimate tensile strength, elongation, strain-hardening exponent and strength
coefficient will be monitored. Formability properties like forming limit curve, thinning
percentage, maximum thinning, dome height at failure, failure location will be predicted by
LDH test and in-plane stretching tests using different limit strain theories (say M-K
analysis, thickness gradient based necking criterion, semi empirical approach). Cup deep
drawing response like draw depth, weld line movement, drawing force, failure location,
earring and draw-in profile can be predicted. Also it is planned to develop ANN model and
expert system for predicting the formability of application specific sheet parts made of
welded blanks. In the usage mode, the user selects the type of test results he is interested in
predicting. In Phase 3 the training, testing, usage and updating the ANN predictions with
simulation results will be performed. In the design mode operation, various ANNs are
created and validated for predicting the forming behaviour (enumerated in Phase 2) for
various combination of material properties and TWB conditions and constitutive behaviour
(enumerated in Phase 1). In the usage mode, the user uses to predict the required forming
behaviour for an initially chosen material, TWB condition and constitutive behaviour. If the
forming behaviour predicted is not indicative of a good stamped product, the user changes
the above said conditions till he gets satisfactory results.

In the absence of this expert system, the user will have to run time consuming and resource
intensive simulation for this iterative stage. In the usage mode, if the results are not with in
the expected error limit, user will have the choice of selecting different material models for
predicting the required forming behaviour as described earlier and/or the expert system is
updated with the specific case by updating the ANN models to predict the case within
acceptable error limits. In this way, the expert system also learns form the application cases,
enhancing the range, success rate of predictions. The three main functions of the expert
system viz., knowledge base and its acquisition and inference are done in all the three
phases as can be inferred from the design and usage mode of operation. The methods
devised for these three functions for predicting formability of aluminium TWBs are
discussed in the forthcoming section.

4. Simulation of formability behaviour of aluminium TWBs

The study presented here comprises of tensile and deep drawing behaviour of aluminium
TWBs. The methodology followed for the study is described in Fig. 2. The first part of
methodology involves FE simulation design and deals with the design of experiments to
generate required data for expert system development.In order to conduct the exercise with
optimum simulations, DOE using the Taguchi’s statistical design (Taguchi, 1990) is
followed. Simulation models for predicting the tensile as well as deep drawing behaviour of
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TWBs are constructed as per the DOE parameter tables. The second part of the methodology
is the ANN modelling and validation. The post processed results of FE simulations are used
to train the ANN. Finally the ANN models for the expert system is validated with
simulation results for chosen intermediate levels and other test data available. The
methodology is discussed in the following subsections.

welded blanks and their levels
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Fig. 2. Methodology of TWB simulation and developing expert system

4.1 Base material properties and TWB parameters

Initially for conducting simulation trials the material and process parameters that affect the
TWB tensile and deep drawing behaviour are identified from available literature. The
mechanical and forming properties of aluminium base metal and weld region used in FE
simulations are shown in Table 1. The plastic strain ratios of weld zone are assumed to be
‘one’ in all the rolling directions as it is assumed isotropic. In order to generate the required
data for expert system with optimum simulations, the Taguchi’s statistical design is followed.
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In this work, Lyy orthogonal array with linear graph indicating the allocation of individual
factors in orthogonal array is followed. Here Lj; orthogonal array corresponds to three
levels with six factors. However, this design fundamentally does not account for all the
interaction among the processing parameters. In view of cost saving and time restriction
higher order interactions are neglected. The six factors considered at three levels are shown
in Table 2 for the tensile testing and deep drawing simulation of aluminium alloy TWBs.
The five common TWB parameters considered for the analysis are thickness ratio, yield
strength ratio, weld orientation, weld yield strength and weld width. For tensile testing
weld ‘n’ value and for deep drawing simulation weld location are considered as the sixth
parameter. The schematic representation of these parameters for tensile testing and deep
drawing are depicted in Fig. 3a & b. Each parameter has three levels (1, 2 and 3). The levels
of parameters are chosen in such a way that the range covers practically all the combinations
in typical experiments and industrial parts (Raymond et al.,, 2004; Saunders & Wagoner,
1996; Stasik & Wagoner 1998). In case of tensile test simulation the weld orientations that are
significant i.e. longitudinal, transverse and 45° weld orientation are considered. In case of
deep drawing simulation since both 0° and 90° orientations will be similar, an orientation of
60° was chosen as the third level. The weld zone yield strength was chosen such that it is
higher or lower when compared to that of base materials as seen in most of the steel and
aluminium alloy TWBs (Ganesh & Narasimhan, 2008; Miles et al., 2004; Stasik & Wagoner,
1998). Generally weld zone exhibits lesser ductility when compared to that of base materials
(Ganesh & Narasimhan, 2008; Stasik & Wagoner, 1998) and hence strain-hardening
exponent (1) of weld zone was selected such that it is lower than that of base materials. The
average thickness of thinner and thicker sheets is assumed as weld zone thickness in
simulation trials.

Since Ly7 orthogonal array is followed, 27 simulations are performed to generate data for
ANN modelling. In case of tensile testing simulation, the tensile behaviour, viz., yield
strength, ultimate tensile strength, uniform elongation, strain-hardening exponent (n),
strength coefficient (K), limit strain, failure location, minimum thickness, and strain path are
predicted for each test simulation. The important deep drawing behaviour predicted are
maximum weld line movement, draw depth, maximum punch force, and draw-in profile for
varied TWB conditions. These parameters are sensitive to the input conditions and are
suitable representatives of the deep drawing behaviour of welded blanks (Ganesh &
Narasimhan, 2006), specifically weld line movement and draw-in profile has industrial
importance too.

Material properties Aluminium alloy sheet
Base metal | Weld zone

Young’s modulus (E), GPa 77 77

Density (p), kg/m?3 2700 2700

Poisson’s ratio (v) 0.3 0.3

10 0.7 1

145 0.6 1

T'90 0.8 1

Strain-hardening exponent (1) | 0.172 See Table 2

Table 1. Material properties of aluminium alloy base material
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Parameters Level 1 Level 2 Level 3
Thickness ratio (T1/T2), mm/mm 0.5(0.75/1.5) |0.75(1.125/1.5) |1(1.5/1.5)
Strength ratio (YS/YS2), MPa/MPa 0.5(190/380) [0.75(285/380) |1 380/380)
Weld yield strength, (YSy), MPa 150 300 400

Weld width (W), mm 2 5 10
Tensile testing

Weld orientation (°) 45 90

Weld ‘n’ value (1) 0.1 0.13 0.15

Deep drawing

Weld orientation (°) 0 45 60

Weld location, mm 0 10 20

Table 2. TWB parameters for aluminium alloy TWB and their levels
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Fig. 3. Schematic representation of control factors in tensile and deep drawing simulation
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4.2 Modelling simulation of tensile test without pre-existing notch

Two sets of simulations were done to analyse the tensile behaviour. The first set of
simulations consisted of observing the engineering stress-strain behaviour of TWB by
monitoring the effective strain evolution at safe region of tensile sample for every small
progression and later used to evaluate the tensile behaviours like yield strength, ultimate
tensile strength, uniform elongation, strain-hardening exponent (1) and strength coefficient
(K). The second set of simulations involved a notched specimen and observing the limit
strains by allowing the failure to occur. For the first set of simulations CAD models of tensile
specimen were generated as per the ASTM E 646-98 specifications (ASTM, 2000) (Fig. 4.) in
Pro-E® a solid modelling software and imported into PAM STAMP 2G® an elastic plastic
FE code for pre-processing, performing simulations and post processing. These CAD models
were meshed using 'Deltamesh’ facility in PAM STAMP 2G®. The meshing was done with
quadrilateral shell elements of the Belytschko-Tsay formulation, with five through-
thickness integration points. The meshed blank thus obtained was divided into three
different regions viz., weld region (without HAZ), base material 1 and base material 2
(Ganesh & Narasimhan, 2006, 2007) to construct meshed models of TWB for varied weld
orientations. A constant mesh size of 1 mm was kept in the weld region and base metal
(Fig. 5.) as this has been reported to validly predict the forming limit of TWBs acceptably in
Ganesh & Narasimhan (2008). The material properties were assigned to weld zone and base
metals according to the different parameter levels (Tables 1 and 2) in the orthogonal array.
Displacement boundary conditions (Fig. 6.) are applied to the tensile sample such that one
end of the specimen is fixed and the other end is given some finite displacement with a
velocity of 0.5 mm/min.
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Fig. 4. ASTM E 646-98 standard tensile testing specimen, all dimensions in mm
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Fig. 5. Meshed model of TWB for tensile test simulations in PAM STAMP 2G®
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Fig. 6. TWB sample with different weld orientations and boundary conditions

For this set of simulations, Hollomon's power law (0 = K &, where, K - strength coefficient
and n - strain-hardening exponent) was used to describe the strain-hardening behaviour of
base material and weld region. Hill's 1948 isotropic hardening yield criterion (Banabic, 2000)
was used as the plasticity model for the aluminium alloy base material. This quadratic yield
criterion has the form,

F(oyp, —0'33)2 +G(o33 —0'11)2 +H(oy; —0"22)2 +2L(°’23)2 +M(O-31)2 +N(0'12)2 =1 @

where F, G, H, L, M, N are constants defining the degree of anisotropy and o;; are the normal
and shear stresses. The tensile response i.e., stress-strain curve of TWB was obtained by
monitoring effective stress and corresponding strain values in safe regions of TWB tensile
sample for each unit of progression. From this engineering stress-strain data and required
global mechanical properties of TWBs viz., yield strength, ultimate tensile strength, uniform
elongation, strain-hardening exponent (n) and strength coefficient (K) were evaluated. The
methodology for evaluating these properties is schematically described in Fig. 7 a-b. Similar
procedure was followed for all the 27 tensile simulation of first set.
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Fig. 7. a) Evaluating tensile properties from stress-strain curve, b) evaluating 1, K values
from true stress, strain data for TWBs

The results of the tensile test simulation of aluminium TWBs within the safe progression are
discussed. Three modes of failure are generally seen in TWBs. They are, (i) Failure occurs
perpendicular to weld region in the case of TWB with longitudinal weld, (ii) Failure occurs
in the thinner or weaker base material in the case of TWB with transverse, stronger weld
(YSweld™>Y Sbasematerials), (iii) Failure occurs in the weld region in the case of TWB with
transverse, weaker weld (YSweld < YSbasematerials). In TWB with longitudinal weld, higher load
requirements are seen in the case of stronger weld zone when compared to weaker or softer
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weld zone. This can be understood from load sharing principle between the weld zone and
base materials. In the case of transverse weld, TWB with stronger weld zone exhibits better
tensile behaviour than TWB with softer weld zone. This is mainly because of the gauge
effect, and TWB tensile behaviour is found to deteriorate with increase in thickness or
strength ratio. Fig. 8. shows the failure location of TWB tensile sample for varied weld
orientations. It is observed that (i) TWB with longitudinal weld witness failure normal to the
weld region (Fig. 8a), (ii) Failure occurs only in the base material (Fig. 8b- c) in transverse
and 45° weld zone because of stronger weld zone (YSweld™>Y Svasemateriats), and (iii) Weld
failure is seen in the case of softer weld zone (Fig. 8d; YSweld < YSpasematerials). This is
consistent with results obtained in many literature including Ganesh & Narasimhan (2006).
Fig. 9. depicts the engineering stress-strain data generated by simulations for varied TWB
conditions for TWB with aluminium alloy base material. In this, curve numbers 1, 2,....27
represent stress-strain curves corresponding to 27 simulation trials in the orthogonal array.
The TWB tensile behaviour viz., yield strength, ultimate tensile strength, uniform
elongation, strain-hardening exponent, strength coefficient were evaluated from these
curves. It is seen from Fig. 9. that (i) Longitudinal weld with stronger weld zone (curve 7)
exhibit higher load requirements when compared to TWB with softer weld zone (curves 4,
1) for same strain values, (ii) Transverse weld with stronger weld zone exhibit base metal
failure and hence shows better stress-strain behaviour (curves 3, 9, 13, 23, 26) when
compared to the case with softer weld (weld failure is witnessed in this case; curves 6, 10, 16,
20), and (iii) In the case of transverse weld, with increase in thickness and strength ratio, the
tensile behaviour is found to deteriorate.
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Fig. 8. a) Failure normal to weld region in TWB with longitudinal weld, b) base metal failure
of TWB with transverse, stronger weld, c) base metal failure of TWB with 45°, stronger weld,
d) Weld region failure of TWB with transverse, weaker weld

4.3 Modelling simulation of tensile test with pre-existing notch

The second set of tensile simulations were done with CAD models of tensile specimen as per
geometry shown in Fig. 10. (Holmberg et al., 2004) in Pro-E® and imported into ABAQUS
6.7® for pre-processing, performing simulations and post processing. Since the aim of this
set of simulations was to induce failure in the TWBs during simulation, a geometrical notch
of 10 mm width is provided. The limit strains are predicted by thickness gradient based
necking criterion. This notch geometry is decided based on trial simulations such that the
entire deformation is concentrated only in that region and finally necking occurs, without
much deformation happening in the shoulder region. For this, varied notch widths 14 mm,
10 mm, and 8 mm were simulated and compared with each other. Finally the notch of 10mm
width is selected, wherein the effect of different TWB factors is not suppressed because of
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the notch effect and lesser deformation is observed in the shoulder region during
simulations. The meshing, material assignment and boundary conditions are similar to the
first set of simulations.
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Fig. 9. Stress-strain behaviour of aluminium TWB (27 simulation data) (Veerababu et al.,
2009)
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12 53

Fig. 10. Schematic of representation of notched tensile sample modelled in ABAQUS 6.7®,
all dimensions in mm

For the second set of simulations, Swift law (0 = K (g + )", K - strength coefficient, n -
strain-hardening exponent, & - pre-strain value of 0.003) is used as strain-hardening law
describing the stress-strain relationship of weld and base material with Hill’s 1948 isotropic
hardening yield criterion. After simulations, five output parameters as described below are
predicted for the TWBs.

Limit strain (major and minor strain): as per thickness gradient criterion, necking occurs
when the thickness ratio between thinner and thicker element reaches 0.92 (Kumar et al.,
1994). The major strain and minor strain of the thicker element, when the criterion is
satisfied, is quantified as limit strain of that TWB condition. The thinner element has already
failed and hence can not be referred for limit strain prediction. This means that the strain in
the thinner element is above actual limit strain value. So the thicker element which is closer
to thinner element is referred for the prediction work. This procedure is followed for all the
27 tensile simulations trials of this set. The limit strains are found to be in negative minor
strain region of FLD (Fig. 11.), because of the presence of notch and tensile, plane-strain
strain paths. Failure location is the distance from the fixed end to the thicker element in the
progression where necking has occurred or criterion is satisfied. Minimum thickness is the
minimum thickness of the element of specimen in the progression where necking has
occurred. Strain path is the plot between major and minor strain from the starting
progression to the progression where necking has occurred. This is quantified by the slope
of the strain path curve (Fig. 11.).
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Fig. 11. Schematic representation of strain path with forming limit curve
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The results of simulation showing the limit strain data for the 27 simulations are shown in
Fig. 12. Though tensile test is simulated, most of the limit strains are close to plane-strain
strain path (i.e., major strain axis) and not in tensile strain path. This is mainly because of the
notch present in the tensile sample that is used for simulation for failure occurrence.
Another important observation is that the strain path slope varies from 200.33 to 1.938. The
lower slope values correspond to limit strain values that are away from plane-strain
condition. The maximum limit strain is characterized by thickness ratio and strength ratio
equal and occurs for a value of 1 and for longitudinal weld orientation. The failure location
values for different experiments are shown in Fig. 13. The failure is expected to occur within
the notch region, either in the base material or in the weld region depending on the weld
width. It is clear from Fig. 13. that in almost all cases failure has occurred within the span,
except in few cases wherein failure is seen just outside the notch region. The failure location
is found to show significant effect on the minimum thickness achieved during TWB
forming. Fig. 14. shows the variation of minimum thickness achieved for different
experiments. The minimum thickness of 0.17 mm occurs in experiment 5, for which the
failure location is at 65.93 mm, which is close to the notch edge AA in Fig. 13. (see inset).
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Fig. 12. Limit strain values for different TWB conditions (Abhishek et al., 2011)
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Fig. 13. Failure location in aluminium TWB (Abhishek et al., 2011)
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4.4 Modelling simulation of deep drawing test for welded blanks

For the simulation of deep drawing a square cup deep drawing simulation set up
constructed as per the NUMISHEET "93 benchmark specifications (Makinouchi et al., 1993)
is used (Fig. 15.). CAD models of the tools (like die, punch, blank holder) in deep drawing
are generated in Pro-E® and imported into PAM-STAMP 2G® for pre-processing,
performing simulations and post processing. The meshing and material assignment are
followed as discussed for the tensile simulations. Two shims are used to compensate the
thickness difference in TWB, and these shims are exactly positioned above and below the
thinner sheet. The shims are compressible with properties same as the stronger base metal.
The friction coefficient between contact surfaces is taken as 0.12 as this approximates all
forming conditions. The blank holding force is optimized during simulation to avoid
wrinkling and extra thinning. Downward stroke is given to the punch with a velocity of 0.5
mm/min. The solution is mapped in such a way that the punch force is monitored for each
unit of progression of the punch.
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Fig. 14. Minimum thickness achieved for different simulation trials (Abhishek et al., 2011)
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Fig. 15. Square cup deep drawing set up used for simulations (Makinouchi et al., 1993)
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Hollomon's power law is used to describe the strain-hardening behaviour of base material
and weld region, and Hill’s 1948 isotropic hardening yield criterion is used as the plasticity
model as before. The output deep drawing parameters monitored are maximum punch
force, maximum weld line movement, draw depth and draw-in profile. The maximum
punch force was obtained from force-progression data during deep drawing simulation.
Draw depth was obtained after cup failure is witnessed. Fig. 16. shows that the draw-in
profile of deep drawn TWB cup and was quantified by the dimensions DX, DY and DD. The
draw-in profile is important and can be related to anisotropic sheet properties and earing
behaviour of sheet metal. In order to include the impact of weld and base material
conditions only, plastic strain ratios of base metal was kept constant throughout the work.
Maximum weld line movement as observed is also represented in Fig. 16. This weld line
movement is of practical importance as weld region should ideally be located in the safe
region of the drawn cup. Similar procedure was followed for all the 27 deep drawing
simulation trials for TWBs.
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Fig. 16. Weld line movement and draw-in profile during deep drawing of TWB

The simulation of deep drawing test of aluminium TWBs show that with increase in initial
weld line position, weld line movement is found to increase. The results are consistent with
the results obtained from Heo et al. (2001). Fig. 17. presents the failure location during the
deep drawing of square cup TWB. It is seen that necking always occurs in the thinner or
weaker base material parallel to the weld region. This is consistent with the experimental
and simulation results shown in Ahmetoglu et al. (1995). It is interesting to note that unlike
un-welded blanks (or homogeneous blanks), draw-in profile of welded blanks are un-
symmetrical as shown in Fig. 18a. This is because of thickness, strength differences in base
materials that are welded and weld line movement during deep drawing. Because of these
heterogeneities, different regions of the cup undergo different levels of plastic deformation
resulting in un-symmetric draw-in profile. Hence it is also expected that earing behaviour
during deep drawing will also be un-symmetrical in nature. It is also interesting to note that
a stronger weld region at some angle and thicker (or stronger) base material introduce more
resistance to drawing and hence minimum draw-in is seen in these regions of the drawn
cup, while thinner (or weaker) base material show maximum draw-in as presented in Fig.
18b.
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Fig. 17. Failure location seen in thinner sheet near weld line during deep drawing
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Fig. 18. Simulation of deep drawn cup showing un-symmetric draw-in for different weld
orientations; (a) 90° weld region, (b) Angular weld region

5. TWB formability prediction using ANNs

The set of tensile and deep drawing characteristics of TWB from the simulation trials are
used for ANN modelling and expert system development. The ANN is trained to learn
arbitrary nonlinear relationships between input and output parameters of TWB. The ANNs
are inspired by biological neurons and have shown credible results in learning the arbitrary
and complex relationships between the inputs that govern the outputs of an system. ANN
consists of several layers of highly interconnected neurons which are the basic computing.
The various architectural parameters of an ANN are number of hidden layers, neurons, and
transfer functions which are optimized based on many trials to predict the outputs within
certain errors that can be tolerated in an given application. In the present study a
normalized error limit of 104 is taken. Using the simulation data obtained ANN with
various network structures with one and two hidden layers with varying number of
neurons in each layer and different transfer functions were examined. Optimized ANN
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architecture are found to model the tensile behaviour from the two sets of tensile simulation
as well as the deep drawing behaviour. In all these cases, the ANN architecture consists of
input layer with 6 input neurons (corresponding to 6 factors), and one / two hidden layers
and output neurons corresponding to the number of outputs to be predicted. A feed
forward back propagation algorithm is selected to train the network in Matlab®
programming environment (Mathworks Inc., 2008). Here the scaled conjugate gradient
algorithm (Mathworks Inc., 2008) is used to minimize the error. For each of the simulation
trials based on the L,; orthogonal design of experiments, 27 data sets were used to train and
two intermediate data sets were utilized for testing. The TWB tensile behaviour or deep
drawing behaviour from FE simulations and ANN modelling for chosen two intermediate
test sets or trials are compared to validate the accuracy of ANN predictions in each case. As
an example, the ANN architecture used to predict the tensile behaviour without pre-existing
defect based on the first set of tensile simulation data is shown in Fig. 19. Similar ANNs
were trained for the other tensile simulation test for limit strain prediction as well as deep
drawing simulation. The salient observations on the prediction of TWB tensile and deep
drawing behaviour are described further.
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Fig. 19. Neural network architecture for TWB tensile behaviour prediction in safe region

The first set of 27 tensile simulation data (for the safe region of progression) was used to
train an ANN and true stress-strain response, yield strength, ultimate tensile strength,
uniform elongation, strain-hardening exponent and strength coefficient of welded blanks
were predicted and validated with FE simulation results for two intermediate input levels.
The comparison between ANN predicted true stress-strain behaviour and simulation results
are shown in Fig. 20. The strain-hardening exponent (1) and strength coefficient (K) values
obtained from ANN models were incorporated into Hollomon’s equation (¢ = K €7) for TWB
made aluminium alloy base materials and true stress-strain curves were obtained. It should
be noted that even though Hollomon's strain-hardening law is not accurate to predict the
tensile behaviour of aluminium alloy base material, ANN predictions are quite accurate in
predicting the same.
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Fig. 20. Validating the true stress - strain behaviour predicted by ANN with FE simulation
for two test data (Veerababu et al., 2009)

The TWB tensile properties from FE simulations and ANN modelling for chosen two
intermediate trials were compared to validate the accuracy of ANN prediction. Table 3
summarizes the average error statistics pertaining to ANN prediction for training and
testing with two intermediate test data not used for training. In the industrial application
error range of 10-12% is considered acceptable and the same has been taken as a bench
mark. It can be seen that almost all the output parameters are predicted within acceptable
error limits. It is seen that only strain-hardening exponent (1) value of aluminium alloy TWB
shows unacceptable error percentage (14.35%). This is possibly due to the smaller values of
strain-hardening exponent which gives large percentage difference even if varied within
small range (Veerababu et al., 2009). Similarly, the second set of tensile simulation with
notched sample was used to train an ANN in a similar way. The limit strain (major and
minor strain), failure location, minimum thickness, strain path were predicted using the
trained ANN and validated with FE simulation results for two intermediate input levels.
The prediction of failure location showed a higher level of prediction error (6.52 %) (Table
4). All other parameters show better prediction level with acceptable error range (Abhishek
etal., 2011).

Output Training Testing

% error SD in error | % error SD in error
Yield strength (MPa) 0.18 7.08 1191 50.04
Ultimate tensile strength (MPa) | 0.05 13.71 5.03 35.63
Uniform elongation (mm) 0.09 0.10 4.45 1.41
Strain-hardening exponent ‘n’ 0.01 0.01 14.35 0.01
Strength coefficient ‘K’ (MPa) 0.01 13.01 10.49 36.04

Table 3. Validation of ANN model for tensile test simulation within safe progression limits
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Output Training Testing

% error | SD in error | % error | SD in error
Major strain 0.007 0.23 523 3.51
Minor strain 0.067 0.92 2.79 0.87
Failure location 0.071 0.76 6.52 1.82
Minimum thickness | 0.003 0.03 428 2.64
Strain path slope 0.052 0.42 391 0.36

Table 4. Validation of prediction by ANN for tensile simulation with necking induced
failure

The deep drawing simulation data was used to train ANN to predict global TWB deep
drawing behaviour viz.,, maximum weld line movement, draw depth, maximum punch
force, draw-in profile for the chosen range of thickness and strength combinations, weld
properties, orientation, and location. Two intermediate level data were taken for testing and
validating the results as shown in Table 5. Fig. 21 presents the comparison between ANN
and simulation results of draw-in profile of deep drawn cup. At different TWB conditions,
the draw-in profile predicted by ANN model is well matched with the simulation results.
All output parameters are predicted within acceptable error limits, except maximum weld
line movement. Average error in this case is approximately 15% which is unacceptable. This
possibly can be improved by using different strain-hardening laws and yield theories more
suitable for aluminium alloy base materials. It is observed from Fig. 21a that the draw-in
profiles are un-symmetric in shape. Minimum draw-in is seen along the angular weld region
and in thicker material side, while thinner material shows maximum draw-in.
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Fig. 21. Comparison of draw-in profile between ANN prediction and FE simulation for two
deep drawing test simulation of aluminium alloy TWB
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Parameters Test Data 1 Test Data 2
Thickness ratio (Ty/T2), T1 mm 0.6,09 0.7,1.05
Strength ratio (YS1/YS2), YS1MPa 0.7,210 0.6, 180
Weld orientation (°) 35 55

Weld location, mm 14 7

Weld yield strength (YSw), MPa, 250 325

Table 5. Input properties for validating the ANN deep drawing behaviour prediction of TWB

6. Conclusion

This chapter presented some studies on tensile and deep drawing behaviour of aluminium
tailor-welded blanks. A finite element based numerical simulation method is used to
understand the behaviour. The presence of thickness, strength heterogeneities and weld
region deteriorates the formability of aluminium welded blanks in most of the cases.
Designing TWB for a typical application will be successful only by knowing the appropriate
thickness, strength combinations, weld line location and profile, number of welds, weld
orientation and weld zone properties. Predicting these TWB parameters in advance will be
helpful in determining the formability of TWB part in comparison to that of un-welded base
materials. In order to fulfil this requirement, one has to perform lot of simulation trials
separately for each of the cases which is time consuming and resource intensive.
Automotive sheet forming designers will be greatly benefited if an ‘expert system’ is
available for TWBs that can deliver its forming behaviour for varied weld and blank
conditions. A artificial neural network based expert system is described which is being
developed by the authors. The expert system is envisaged to be expanded with industrial
applications also. For example, a sheet forming engineer who wants to develop expert
system for some industrial TWB sheet part can just make it as part of existing system
framework in the same line of thought, without introducing new rules and conditions. The
relations between TWB inputs and outputs are non-linear in nature and hence it is complex
to explicitly state rules for making expert system. But these complex relationships can be
captured by artificial neural networks. The expert system proposed is a continuous learning
system as the field problems solved by the system can also become a part of training sample.
Though the expert system can not reason out the decisions/results unlike rule based
systems, one can interpret the results by comparing the outputs of two different input
conditions quantitatively with minimum knowledge in TWB forming behaviour.
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1. Introduction

Advanced industrial applications require materials with special surface properties such as
high corrosion and wear resistance and hardness. Alloys possessing these properties are
usually very expensive and their utilization drastically increases the cost of the parts. On the
other hand, failure or degradation of engineering components due to mechanical and
chemical/electrochemical interaction with the surrounding environment is most likely to
initiate at the surface because the intensity of external stress and environmental attack are
often highest at the surface.

The engineering solution to prevent or minimize such surface region of a component
through a procedure known as surface engineering. Conventionally practiced surface
engineering techniques like carburizing, nitriding, etc. are often material specific,
time/energy/manpower intensive and lacking in precision.

Among the surface engineering techniques, a relatively new and attractive method is laser
surface treatment. In other words, laser surface treatment offers an excellent scope for
tailoring the surface microstructure and/or composition of a component and proves
superior to conventionally surface engineering.

For most engineering application, the laser, in simple terms, can be regarded as a device for
producing a finely controllable energy beam, which, in contact with a material, generates
considerable heat. The basic physics of laser surface treatment is simply heat generation by
laser interaction with the surface of an absorbing material and subsequent cooling either by
heat conduction into the interior, or by thermal reradiation at high temperatures from the
surface of the material. Various laser surface treatment methods that are currently available
are shown in figure 1.

2. Laser — assisted materials surface treatment requirements

Figure 2 shows general regimes of various laser surface treating parameters for both pulsed
and continuous wave lasers. Short pulses (ns to fs) with high peak power densities are
desirable for laser shock processing and ablation applications. In general, longer pulses (s
to ms) or continuous wave lasers are preferred for melting and heating processes
(Nagarathnam & Taminger, 2001).

Laser chemical vapor deposition and laser surface transformation hardening require lower
densities and interaction times as compared to processes involving meting and vaporization.
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Fig. 2. Laser power density, specific energy and interaction times for various laser processing
regimes (Nagarathnam & Taminger, 2001)

3. Laser surface alloying of aluminium alloys

Laser surface alloying (LSA) involves tailoring the surface microstructure and composition
by rapid melting, intermixing and solidification of a pre/co deposited surface layer with
apart of the underlying substrate (Majumdar & Manna, 2002 ). Also in this treatment, a
shallow layer at the surface of the material is melted by the laser beam which becomes
efficiently coupled to the surface, while alloying elements are added simultaneously to give
a local composition having the desired surface properties on solidification (Renk et al.,
1998). When alloying elements are added to the melted pool then they will start to
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interdiffuse into the substrate. As soon as the laser pulse is finished the resolidification
process begins from the liguid/solid interface towards the surface.

Laser surface alloying may induce an extreme heating/cooling rate of 104-101k/s, thermal
gradient of 105-108 k/m and solidification velocity as high as 30m/s (Draper & Poate, 1985).
Due to the high cooling rates, solid state diffusion can be neglected and homogeneous and
fine solidification microstructures can be achieved with a wide variety of surface
compositions without the limitations of conventional processes, for instance, to extend solid
solutions and to obtain metastable structures or even metallic glasses (Damborenea, 1998).
Laser surface alloying of Al- alloys by different alloying elements and different techniques
was investigated by several researchers. In most of their reports, it was shown that the
structure of the zones of laser alloyed depends on the properties of the treated and alloying
materials and on the dispersity of the alloying particles, the power of the laser radiation, and
the duration of the irradiation (Aleksandrov, 2002). Figure 3 shows the structure of Al-alloy
D16 saturated with NiO, and NbSi, particles. The saturation with NiO; is provided by
convective mass transfer, which is confirmed by the vortex-like appearance of the structure
of the molten zone (figure 3a). The well-manifested heterophase (figure 3b) in the surface
layer is provided by the mechanism of penetration of particles of NbSi, into the molten pool.

iy o Lt

o Moy

Fig. 3. Structure of the molten zone after laser alloying of Al-alloy D16 with NiO; (a) and
NDbSi, (b). x200. (Aleksandrov, 2002)



118 Recent Trends in Processing and Degradation of Aluminium Alloys

The structure of the laser surface alloyed of Al with Nb is shown in figure 4 (Almeida et al.,
2001). A strong segregation of Nb in structure leading to the formation of a zone of
resolidified Al solid solution and a zone with a high Nb concentration, consists of dendrites
of Nb-free a-Al solid solution and undissolved particles of Nb (figure 4a), that some of these
particles can be surrounded by a layer consisting of Al3Nb dendrites in an o- Al matrix
(figure 4b) showing incipient dissolution and partial redistribution of Nb due to convective
flow. It is necessary to mentioned that the temperature and convective mass transport must
be sufficient to allow for the complete homogenization of the alloyed layers. This, it can be
seen in figure 4 that the temperature and convective mass transport were not sufficient to
allow for the complete homogenization of the material (Almeida et al., 2001).

Mazumder (Majumdar & Manna, 2002) studied mass transport in melt pools using a
numerical model and concluded that the extremely fast homogenization frequently
observed in laser surface alloying can only be explained by the intense Marangoni
convection caused by the high temperature gradients within the melt pool (Almeida et al.,
2001), with diffusion having only a minor role.

Fig. 4. (a) Structure of the bottom layer (A). (b) Undissolved Nb particle surrounded by a
layer of AIzNDb dendrites and o-Al (Almeida et al., 2001)
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They suggested that the influence of convection in liquid homogenization could be
characterized by the surface tension number, S, which relates thermocapillarity-induced
convection velocity and laser beam scanning speed, and is give by:

(%) (1)

- Hugk

Where (do/dT) is the temperature coefficient of the surface tension, q is the net heat flow
from the laser beam, d is diameter of the laser beam, p is the viscosity, up is the scanning
speed of the laser beam, and k is the thermal conductivity. When S is low (5<45000),
convection is negligible. Due to the short lifetime of the melt pool, mass transport will be
insufficient for melt homogenization. When S is high, convection plays a dominant role in
transport phenomena in the melt pool. In general for metals, the convection speed is several
orders of magnitude higher than the scanning speed, leading to rapid homogenization.
However, for liquid Al the temperature coefficient of the surface tension (do/dT) is
relatively low (-0.155x10-3 Nm-1k-1), and therefore S will be low. Consequently, in some cases
insufficient homogenization of the melt pool is to be expected for laser surface alloying of
Al-alloys. For example, this was happened for recently mentioned Almeida's research that is
shown in figure 4 (Almeida et al., 2001). A further difficulty arises when the alloying
elements react with the melt pool material to form insoluble high melting temperature
phases, such as intermetallic compounds. In the matter the diffusion phenomena is
responsible to control of dissolution kinetics.

The dissolution kinetics was theoretically analysed by Costa and Vilar (Costa & Vilar, 1996)
using a spherical geometry and dropping the quasi-steady-state approximation. Figure 5
shows the results of evaluation of intermetallic layer thickness of AIlNb as a function of
time. This result is reported by Almeida and co-workers (Almeida et al., 2001). They
calculated the dissolution time of Nb particles with a diameter of 100pm. These particles
takes about 22s to transform to Al3Nb, a time much longer than the interaction time used
(0.24s) in their research.
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Fig. 5. Thickness of intermetallic layer and size of particle for any laser interaction time
(Almeida et al., 2001)
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In order to obtain significant particle dissolution, the temperature of the melt pool must be
higher than the melting point of the intermetallic compounds.

Since convection-driven homogenization is negligible, and the melting point of alloying
elements is higher than the melting temperature of Al, the latter starts to solidify before the
alloying particles dissolve, and a layer consists of the starting material will be formed. In
general, this happened in the bottom layers. In the upper layers, due to the higher
temperature of the melt, the alloying particles dissolve in the liquid AL

The microstructure of alloyed layer depends on solidification rate (R) and the temperature
gradient at the solid-liquid interface (G) which in turn depend on heat and mass transfer in
the system (Almeida et al., 2001). A simple relation exists between the local solidification
rate (R) and the scanning speed gives by fallow equation:

R=Vs cos 0 )

where 0 is the angle between the normal to the solid-liquid interface and the scanning
direction. The solidification rate increases with decreasing depth from 0 at the bottom of the
melt pool (cos0=0 at this point) to a value that remains lower that the scanning speed,
because cos 0<1. Conversely, the thermal gradient G is higher at the bottom of the melt pool
and decreases as depth decreases. Both solidification parameters vary rapidly during the
first stages of solidification (near the bottom of the melt pool) to reach a value that remains
approximately constant during most of the solidification process. Consequently, the
microstructure in most of the re-solidified layer can be characterized by a single set of
solidification parameters and should not change significantly.

Sometimes, in laser surface alloying the microstructure of alloyed layer appears as a texture.
The texture effect increases with increasing solidification speed. The origin of this texture
can be understood by considering the solidification mechanism in laser surface alloying and
the variation of the shape of the melt pool as a function of scanning speed.

Gingo and et. al (Gingu et al., 1999) produced Al/SiC, composite by laser surface alloying.
Figure 6 presents the microstructural aspect of the alloyed layer produced at the surface of
an AA413 alloy. There is an obvious difference between the base microstructure of the Al
alloy, which is the classic eutectic AlSi12, characterised by dendrites grains dispose
randomly in the eutectic mass (zone 1), and the very fine granulated microstructure of the
alloyed layer (zone2).

In this process, depending on the processing parameters, it is possible to use or not use an
adhesive layer at the material support. As can be seen in figure 7, in this case there is a
perfect adherence of the alloyed layer at the AA413 support; this phenomenon can be
explained by the perfect compatibility of the matrix of Al- alloy (Gingu et al., 1999).

In laser surface alloying of Al with Nb as an alloying element, the dendritic structure was
observed by Almeida et. al (Almeida et al., 2001), showing that ALNb grows with a
dendritic solid/liquid interface. In this type of growth, there is a preferential growth
direction usually a low index crystallographic direction. During the initial stages of
solidification competition between neighboring dendrites with different orientations occurs,
and those with the preferential growth direction nearest to the heat flow direction will be
favored, leading to preferential orientation, and eventually to a strong texture. When the
scanning speed of surface is increased the shape of melt pool increasingly elongated from
semi-hemispherical. Also, when the scanning speed is low the heat flow direction changes
progressively from the fusion line to the surface, leading to a variety of preferential growth
directions of columnar grains (Almeida et al., 2001).
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Fig. 6. The micro structural aspects of the laser alloyed layer (Gingu et al., 1999)
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Fig. 7. The adherence aspect of the layer at the material support (Gingu et al., 1999)

A mathematical modeling of laser surface alloying with solid particles is established by
Aleksandrov (Aleksandrov, 2002). According to this model, the presence of a transverse

temperature gradient % makes the particles move to the peripheral part of the molten

pool. In the case of low gradients 2—; and % the particles simply drown in the field of the

effective force of gravity (with allowance for the buoyancy force). The higher the difference
in the densities of the alloying and Al alloys, the more effective the immersion of the
particles. The equations of the motion of a single particle in Cartesian coordinates X, Z have
the form (Aleksandrov, 2002):
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where p is the density of the particle, R is the radius of the particle, p; is the density of the Al
alloy, n is the viscosity of the Al alloy, x,x are the transverse velocity and acceleration of the
particle respectively, and z,z are the vertical velocity and acceleration of the particles,
respectively.

The mechanism of the infusion and velocity of particles in melt pool affects on the formation
of heterogeneous or homogenous structure in alloyed layer. The corresponding qualitative
dependence vo(R) is plotted in figure 8.

vy, m/sec

Vi

R, pm

Fig. 8. Dependence of the initial velocity of the particles voon their radius R at a fixed
surface density (p;) of the energy of laser radiation (P1<P><P3<P4<Ps) (Aleksandrov, 2002)

The order of magnitude of the initial velocity of the particles v, needed for the alloying is
determined by the time 7 of the action of laser radiation and the depth of the molten region

H (vo=—). Particles with a size ranging between R, and R3 may acquire the requisite values v,
T

Under actual conditions and fixed energy and time of the laser action, the dependences
Vo(R) corresponds to a certain domain (hatched in figure 8).

Aleksandrove (Aleksandrov, 2002) also studied the wear resistance of laser surface alloyed
layer of Al alloy with Ni, NbSi» and Cr. The results of wear tests are presented in figure 9.

It can be seen that wear resistance of the hardened surface of aluminum alloy layer is much
higher (by factor of 4-5) that the initial one or the one provided by LHT. Also, the friction
coefficient tests show that laser surface alloying of Al alloys with Cr, NbSi; and Ni decreases
the friction coefficient of the friction surface by about a factor of 3-4, which makes it possible
to vary it by changing the filling factor of the surface and the filling of the alloyed zone with
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conglomerates of high-hardness particles. The use of lubricating materials improves the
service properties of various friction pairs (Aleksandrov, 2002). Similar results are reported
by Tomlinson and co- workers (Tomlinson & Bransden, 1996). They studied the effect of
laser alloying of metallic elements such as Si, Ni, Fe, Cu, Mn, Cr, Co, Mo and Ti on
hypoeutectic cast Al-Si alloys using a pre-placed coating method, and found an
improvement in the wear resistance of aluminum. Senthile selvan and co-workers (Senthil
Selvan et al., 2000), reported that when laser alloying of Al with Ni was carried out at the
highest scan speed of 1.1 m min-, the hardness increased to 800-900 Hv with negligible
fluctuations in the hardness behavior. This may be attributed to a uniform LAC with well
distributed intermetallic phases. While, at a slightly increased scan speed, the hardness
increased from 300 to 800 Hv, but with large fluctuations, which can be attributed to the
homogeneous alloyed layer (figure 10).

Ix 108, mg/mm3
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Fig. 9. Dependence of the wear intensity of aluminium alloy on the specific load in a wear
test laser treatment at P=1kw, v=12.5 mm/sec, 1)Initial state, 2) after LHT 3,4,5) after alloying
with Ni, NbSiy, Cr, respectively (Aleksandrov, 2002)

The homogeneous distribution of hard intermetallic phases in Al matrix can prevent
adhesion and abrasive wear during fretting. Yongqing Fu (Yongqing et al., 1998), reported
that after a large number of fretting cycles, the rate of fretting wear depth decreases, which
means that the wear volume loss is probably caused by an increase in fretting area rather by
wear along the depth. This phenomenon is probably caused by the formation and
compaction of fretting oxide debris, which can reduce the wear along the fretting depth.
Laser surface alloying can decreases the fretting wear volume by a factor of three and
decreases the coefficient of friction, probably due to the hardening effect of oxide debris
which can prevent adhesion and abrasive wear during fretting, therefore, it can offers an
effective means of preventing fretting wear (figure 11). The (Yongqing et al., 1998).
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Laser surface alloying of Al with Fe is studied by Tomida and Nakata (Tomida & Nakata,
2003). They reported that the hardness of laser alloyed layer increases with increasing Fe
content as shown in (Figure 12). However, cracking occurred in the alloyed layer with
higher hardness than Hv600, because the brittle lump-like Fe;Als compound was produced
in these layers. The wear resistance of the alloyed layer improved with increasing the
hardness due to the formation of the fine Fe rich intermetallic compounds. This result is
shown in figure 13.

4. Laser surface remelting of aluminium alloy

Laser surface melting (LSM) is a well established technology applied to many materials for
hardening, reducing porosity and increasing wear and corrosion resistance.

LSM is a versatile and promising technique that can be used to modify the surface
properties of a material without affecting its bulk property (Yue et al., 2004; Rams et al,,
2007). The modifying in the surface properties of the material is due to rapid melting
followed by rapid solidification. The intimate contact between the melt and the solid
substrate causes a very fast heat extraction during solidification resulting in very high
cooling rates of the order of 105 to 108 k/s. The high cooling rates to which this surface layer
is submitted result in the formation of different microstructures from bulk metal leading to
improved surface properties (Aparecida Pinto et al., 2003). Materials processed via rapid
solidification tend to show advantages of refined microstructure, reduced microsegregation,
extensive solid solubility and formation of metastable phases (Munitz, 1985; Zimmermann
et al., 1989). It is generally accepted that the improvement in corrosion performance is due
to refinement/homogenisation of microstructure and dissolusion/redistribution of
precipitates or inclusions, which result from rapid solidification (Chong et al., 2003). This
was considered to be due to the presence of the compact oxide layers on top of the laser-
melted zone. The layers mainly consisted of structures a-AlOs, which is a homogeneous
and chemically stable phase and serves as an effective barrier to protect the matrix against
corrosion attacks. In untreated surfaces of Al alloys the microsegregation in relatively thin
surface layer plays an important role in initiating pitting in the inhomogeneous structures.
The schematic of the laser surface melting process is shown in figure 14 (Aparecida Pinto et
al., 2003).

Some industrial laser sources such as CO,, Nd:YAG, excimer and high power diode lasers
were applied to surface melting of aluminium alloys. Since aluminum alloy have no solid
phase transformation, if the surface of aluminium alloys should not be melted, the surface
cannot be strengthened. In view of the basic physical properties of aluminium alloy, such as
large specific heat, high heat conductivity and high reflectivity to laser power density than
that for ferrous alloy (Wong et al, 1997). The controlling of laser parameters is very
important factor for laser surface melting process.

Because the properties of a material depend largely on its microstructure, controlled
formation of such microstructures is essential to develop new materials with desired
properties (Aparecida Pinto et al., 2003). Laser parameters such as laser power density,
interaction time and scan speed affect on solidification behaviour and thus the
microstructure of melted zone can be changed.

The diagram shown in figure 15 associated the microstructural evolution with the
solid/liquid front velocity (Aparecida Pinto et al., 2003).
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Fig. 14. Schematic illustration of the laser surface melting process (Aparecida Pinto et al., 2003)
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Fig. 15. Microstructure variation according to the solid/liquid front velocity (Aparecida
Pinto et al., 2003)

Fig. 16. Schematic representation of the relationship between solidification speed and laser
beam speed (Aparecida Pinto et al., 2003)
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Taking a longitudinal section through the centerline of the laser track, the speed of the
solid/liquid front (V) is correlated to the beam speed (V1) by (Aparecida Pinto et al., 2003):

Vs=Vpcos ¢ ®)

where ¢ is the angle between V; and Vy, vectors that shown in figure 16.

This equation describes that V varies from zero at the bottom of the moltem pool to a
approaching the value of Vy, at the top of the molten pool.

Pinto et. al. (Aparecida Pinto et al., 2003) investigated the microstructure of Al-Cu alloy after
laser surface melting. The influence of Vi, on the microstructure is shown in figure 17. The
lower beam speed of 500 mm/min has permitted a more extensive cellular zone to be
formed and a later transition from a cellular to a dendritic structure when compared with
the structure developed under a speed of 800 mm/min.

a
j;:'- t'f 3

Fig. 17. Solidification morphology transitions in the molten pool. (a) p =1 kw, v =500
mm/min; (b) p =1 kw, v =800 mm/min (Aparecida Pinto et al., 2003)

From the result of hardness tests, Pinto reported that the mean hardness increase from 75
Hv in the unmelted zone to 160 Hv in the cellular structure. In contrast, a higher value of
210 Hv was measured in the dendritic structure due to the fineness of the microstructure
(Aparecida Pinto et al., 2003).
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Leech (Leech, 1989) studied the laser surface melting of Al-Si alloys as a function of the
beam interaction time 7, that determined by following equation:

= 6

=3 (©)

Where 1 is the beam diameter and V is the scanning velocity. The microstructure features in

the laser-melted zone consisted of a highly refined dendritic growth at beam traverse speed

of 100 mm/min. Within the structure there is a progressive change in dendrite morphology

from a planar melt-substrate interface (figure 18) at the maximum melt depth, through a

region of oriented columnar dendrite growth (figure 19), to a central region which at more
rapid scan rates comprised a fine, filamentary eutectic (figure 20).

Fig. 18. SEM micrograph showing the melt-substrate interface in the Al-Si alloy (beam
traverse speed, 100 mm/min (Leech, 1989)

Fig. 19. SEM micrograph showing the columnar dendritic region in the melted zone in Al-Si-
W-Ni alloy. (traverse speed, 100 mm/min) (Leech, 1989)
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Fig. 20. SEM micrograph of the region of lamellar in Al-Si alloy at a traverse speed of 413
mm/min (Leech, 1989)

An interpretation of the microstructures involves reference to the phase-under cooling
diagram shown in figure 21. After laser melting, a rapid extraction of heat from the liquid
adjacent to the substrate will produce direct cooling into the o+ eutectic region, the resulting
nucleation and growth of a columnar dendrites causing a rejection of silicon into the
remaining melt. As the silicon content of the melt increased and with rise in temperature
due to latent heat, it is proposed that the composition-cooling line moved to the right into
the eutectic-coupled zone. The formation of the lamellar region in the laser melt zone
thereby corresponded to the zone of couple growth (Leech, 1989).
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Fig. 21. Schematic phase diagram illustrating the micro structural-undercooling relations
during quenching (Leech, 1989)
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as a function of the beam scan rate (Leech, 1989)




Laser Surface Treatments of Aluminum Alloys 133

The microhardness variation with distance from the melt surface after laser surface melting
of Al-Si-Ni alloy and Al-Si alloy is shown in figure 22 (Leech, 1989). Apart from the
differences between the alloys in molt zone depth, the curves also illustrate the higher
hardness attained throughout the resolidified region of Al-Si-Cu-Ni alloy that in the Al-Si
alloy. Leech (Leech, 1989) also reported that micro hardness of laser surface melted layer of
Al-Si-Cu-Ni and Al-Si alloys is dependent on laser scan rate (figure 23).

Increasing quenching rates, may promote the formation of finer dispersions of copper and
nickel-bearing intermetallic particles (Leech, 1989).

Corrosion resistance is an important matter in aluminum alloys. There are several methods
of surface engineering to improving the corrosion behavior of aluminum alloys, that
everyone has advantages and disadvantages. Laser surface melting is one of those
techniques. There have been a number of studies of the influence of LSM on the corrosion
properties of aluminum alloys, and the results achieved have been ambiguous with respect
to the benefits of LSM. In some cases, it is severally accepted that laser surface melting can
be used for improving the localized corrosion resistance of aluminum alloys as a result of
homogenization and refinement of microstructures, and phase transformations. For
example, Chong et. al (Chong et al., 2003) studied the corrosion behavior of Al-2014 alloy in
T6 and T451 conditions after laser surface melting. After the corrosion tests, they found a
large number of pits, randomly distributed on the surface of as-received Al2014 alloy in two
conditions (figure 24a). In this instances although AI2014 alloy in both tempers consisted of
similar types of intermetallic particles, the copper content in the aluminum matrix for T6 is
lower than that for T451. In the NaCl electrolyte, Al,Cu, and Al-Cu-Mn-Fe-Si particles tend
to be cathodic to the matrix (Chong et al., 2003), and pits are likely to initiate and grow in
the copper-depleted zone around these particles (Guillaumin & Mankowski, 1999). Mg,Si
particles are anodic to the aluminum matrix, and have a tendency to dissolve and leaving
cavities. Figure 24b shows that after LSM, pits formed on the laser-melted surfaces are larger
but shallower that in the as- received alloy, with a semi-continuous network, consisting of
copper-rich precipitates, remaining within the pits, indicating their cathodic nature. It is
proposed that the concentrations of solid solution alloy elements, (particularly copper in Al
2014), are key factors influencing pitting corrosion. Such increase of copper content in the Al
2014 matrix can reduce the potential difference between the AlCu phases and the
aluminum matrix, thereby reducing the driving force of pitting corrosion. The reduction in
population or the elimination of MgSi particles which are anodic to aluminum matrix may

(a) (b)
Fig. 24. Pit morphology of (a) as- received Al 2014- T6 alloy and (b) laser- melted Al 2014-
T6 alloy (Chong et al., 2003)
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2006)
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further improve the behavior by reducing cavities due to the dissolved particles. Regarding
influences of preferred orientation, the literature (Guillaumin & Mankowski, 1999) indicates
that the pitting potential of aluminum increases in order of (E;) oot} 2 (Epit) o} > (Epit) 11/

however, the presence of alloyed copper in solid solution reduces the dependence of E,;; on
surface orientation. Thus, the preferred orientation of a-Al along [200] direction in laser-
melted alloy does not appear to play a significant role in the improved pitting behavior.
High- strength aluminum alloys (HSAL) are high susceptible to various forms of corrosion,
particularly in the presence of chloride-containing media. Thus, these alloys are very
susceptible to pitting corrosion fatigue, and the degradation of HSAL by this phenomenon is
a matter of major concern, particularly as many structural parts are inaccessible for inspection
and cannot be monitored, thus hiding the defects of corrosion as they approach a critical for
fatigue. The improvement in pitting corrosion fatigue behavior of HSAL alloys after LSM is
reported by Xu and co-workers (Xu et al., 2006). Figure 25 shows the results of impedance
measurements of unmelted and surface melted Al 6013 alloy. These results are displayed in
the form of Nyquist plots as a function of immersion time up to a period of 6 days.

The spectra suggest that for untreated and laser-treated Al alloy, corrosion pitting has
occurred to various degrees at different times during the immersion test. This is evidenced
by the presence of start of the immersion test, with the diameter of the arches decreasing
with immersion time (figure 25a).

As for the laser- treated Al 6013 alloy, a compressed capacitive loop with a small diffusion
tail at the low-frequency range was seen at the first hour of the test, and a second loop
emerged after 1 day of immersion (figure 25b). Figure 26 shows the equivalent circuit of EIS
plots to interpret the electrochemical behavior of untreated and laser-treated Al 6013 alloy.
The equivalent circuit component values as a function of immersion time are listed in
table 1.

Rs CPEp
—~A\N >?
Rp CPEpit
N Y
7/
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Fig. 26. Equivalent circuits for the untreated and laser-treated Al 6013 alloy (Xu et al., 2006)

Specimen CPE, R, o’ CPEp Rei. 0 em®
Yo Fem 2 Hz'™ 7 Yo Fem™ Hz' ™" i

Untreated lh 5Me—6 093 1.28ed 226e—4 0.54 1.85ed

1 day 1.23e-35 091 5.99¢3 6.87e—4 0.85 1.53e4

3 days 1.7le—5 0.89 5.50e3 0.8le—4 0.90 7.00e3

6 days 2 Me—5 0.88 6.68¢3 7.77e—4 0.84 8.47¢3
Adr-treated lh 4.52e—-6 062 6.54e5

1 day 1.6%e—6 0.83 1.29¢4 412e-6 0.65 1.873¢5

3 days 4.80e—6 0.74 2.67ed 4.6d4c—4 (.53 33l

6 days 1.8de—5 091 6.70e3 8.58c—4 0.94 4.65¢3

Table 1. Calculated values of the equivalent circuit components of the impedance plots (Xu
et al., 2006)
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The magnitude CPE, (constant phase element), a measure of the capacitance at the surface
of laser- melted alloy is much less than that of the as-received alloy, especially up to the
immersion time of 3 days. This indicates that less ion adsorption has occurred at the surface
of the laser melted alloy. This confirms the good corrosion resistance of the layers containing
laser-formed aluminum oxide in reducing the rate of electro chemical reaction at the laser-
meted surface. Xu (Xu et al., 2006) reported that the corrosion fatigue life of the laser-surface
melted Al 6013 alloy is two times longer than that of the as-received Al alloy (figure 27).
Also, the corrosion current for the laser-surface melted Al 6013 alloy is considerably lower
than that for the as-received Al 6013 alloy. The improvement in the pitting corrosion of the
laser-surface- melted Al alloy. An increase in the corrosion resistance of Al- Si alloys after
laser surface melting in both 10% H>SO, and 10% HNO; solutions is observed by Wong and
co-workers (Wong & Liang, 1997). Also, they reported that, in the 10% HCI and 5% NaCl
solutions laser melting has little effect on the corrosion resistance of Al-5i alloys. Because the
Cl ions destroy the ALO; film completely. In the case of 5% NaCl solution, NaAlO, is
formed and the protective oxide film ALO; is again destroyed, which intensifies the
corrosion of the aluminum alloys (Yongqing et al., 1998).

Corrosion resistance of laser surface melted Al 2024 alloy is investigated by Li and co-
workers (Li et al., 1996). Free corrosion in naturally aerated chloride electrolyte solution
revealed a change in the mechanism of corrosion for the LSM alloy. A small number of large
pits, initiated in the a-Al cells and/or dendrites, are found at random over the surface. In
contrast, for the as-received alloy where pitting is initiated at Al,CuMg precipitates,
corrosion took the form of intergranular corrosion.
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Fig. 27. Test of the fatigue life of the untreated and laser- treated Al 6013 alloy in a 3.5% NaCl
solution at a potential of - 675 mv (Xu et al., 2006)
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5. Laser surface cladding of aluminium alloys

Aluminium-based metal matrix composites (Al-MMGC;) have high strength, hardness and
wear resistance, and find application in various industrial sectors, such as automotive and
aerospace industries (Anandkumar et al,. 2007). The major drawbacks of these materials are
their high coat and complex production methods compared to conventional alloys, but for
many applications, like rapid tooling, the bulk stress levels are compatible with the use of
high-strength Al alloy, the required wear resistance being achieved by coating the
component with a high wear resistance materials such as a ceramic-reinforced Al-matrix
composite (Anandkumar et al,. 2007). Aluminium alloys have been cladded with ceramics
such as SiC, B4C, TiC due to their high hardness and thermal stability and various other
metallic materials such as Ti, B, Ni etc. to enhance their surface properties (Anandkumar et
al,. 2007). These ceramic reinforcement particles have a low reflectivity; therefore they
absorb a considerable amount of laser energy (Anandkumar et al., 2009) and may reach very
high temperatures, which will lead to intense reactions between the reinforcement and the
liquid metal or to particle dissolution in the melt pool. The tendency of reactivity of
reinforcement particles with depends on their temperature, which depends on the
interaction time between the particles and the laser beam (Anandkumar et al., 2009).

In this case, the velocity of injected powder is an important factor that affects on the
interaction time and particles temperature. The temperature variation of injected powder
particles is calculated by several researchers using mathematical modeling. Huang et al.
(Huang et al., 2005) calculated the beam attenuation and particle temperature variation due
to the interaction of an off-axis powder stream with a laser beam on the basis of Lambert-
Beer law and Mie’s theory. They found that the temperature of injected powder particles
increases with decreasing the angle between the powder jet and the laser beam from 45 to
0°, because the particles trajectory through the laser beam is longer.

Also, a mathematical model for calculation of particles temperature under laser beam
irradiation is established by jouvard and co-workers (Jouvard et al., 1997). Figure 28 shows
an off-axis blown powder laser cladding process diagram used for jouvard model.
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Fig. 28. Diagram of laser beam-powder stream interaction (Anandkumar et al., 2009)
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They reported that, the temperature of a powder particle (T) interacting with the laser beam
can be calculated by (Jouvard et al., 1997):

I(xry)"Apt

T=T,+ @)

MyCp

Where

To initial temperature of the particles (25°C)

Lixy) laser radiation intensity

N absorptivity of the particle material

A, cross-sectional area of the particle

m, mass of the particle

¢p specific heat capacity of the particle material

t laser beam-particle interaction time

In this equation following simpler assumptions is considered:

1. thelaser beam is parallel and has a Gaussian energy distribution.

2. the powder particles are spherical and uniformly distributed in the powder stream,

3. energy loss by convection and radiation is negligible (Fu et al., 2002),

4. the effect of gravity and the drag exerted by the surrounding gas on particle movement

are negligible and all particles have the same velocity,

the shadow effect of the particles on each other is accounted for,

6. the fraction of the laser beam energy absorbed by a particle is given by the absorptivity
of the particle material (1) for the laser radiation wavelength,

7. the temperature distribution in each particle is uniform,

8. latent heat effects due to melting are neglected (Anandkumar et al., 2009).

As the interaction time (t) is given by d/v;,, where d is the distance traveled by the particle

through the laser beam and vy, its projected velocity component, Eq. (7) can be written as:

ot

I(xuv)”Apd '

MyCpTp

T=T,+ ®)

The trajectories of the particles are represented by a series of lines diverging from O (Figure
28) and the energy absorbed by particle is calculated as a line trajectory integral through
laser beam, because the intensity of the beam depends on x and y and finally also on z. To
establish a function describing the laser beam attenuation in the z direction, the interaction
region is divided into n layers of thickness Az and the fraction of radiation intensity (C)
absorbed by the particles in each layer is calculated using the following equation:

N

where (N/V) is the density of the powder stream, which depends on the powder feed rate
and the injection velocity (Gingu et al., 1999). The particles in the n-th layer absorb part of
the incoming radiation intensity and the remaining intensity is regarded as the input
intensity for the n+1 layer and so on. The final temperature of the particles is computed by
solving Eq. (10) using Wolfram Research Mathematica®6 software,
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nA

ZD
T=Ty+——"— (I, -C
2

UpMyCp zs( (=4)

(n-1)
) ddz (10)

where, the integral limits z; and z, are the z coordinates of the pointwhere the particle enters
the beam and impinges the substrate, respectively (Anandkumar et al., 2009).

In case of modification using many ceramics, especially carbides, it has been found that they
also chemically react with Al and form compounds which decrease the strength of
Aluminum alloy. For example, ceramic particles of SiC, tend to react and dissolve in molten
Al alloy, and leading to the formation of ALC; and ternary Al-Si-C carbides during
solidification (Viala et al., 1990; Hu et al., 1996) according to the reaction at a temperature
range between 940 and 1620 k (Anandkumar et al., 2007):

4A1(1) + 3SiC(s) — ALGs © 7t 351 (11)

At higher temperatures (above 1670 k), the reaction product is the ternary carbide AlsSiCy,
formed by the reaction (Anandkumar et al., 2007):

4Alg + 4SiCs) —» ALSiCy ) + 351 (12)

The presense of this phase in microstructure of Al alloy is shown in figure 29a
(Anandkumar et al., 2009). The hardness of Al4C;s is very lower then Al4SiCs (300 and 1200
Hv, respectively) but, unlike Al4SiCy, it is brittle and tends to react with water, forming
aluminium hydroxide (Anandkumar et al., 2007).

Accordingly, the presence of AlyCsin the surface microstructure results in poor mechanical
properties and low long-term stability (Anandkumar et al., 2007) and its formation must be
avoided.

According to the equation 10, Anandkumar et al. (Anandkumar et al., 2009) calculated the
SiC particle temperature at two different jet velocities for laser surface cladding of Al-Si
alloy. They found that when the particle injection velocity is 5 m/s, the particles are exposed
to the laser radiation for a shorter time and they absorb correspondingly less energy. As a
result, the temperature of the particles reaching the melt pool is much lower and no
significant reactions occur between SiC and molten aluminum, leaving the composition of
the melt essentially unchanged. During cooling this liquid solidifies as primary o-Al
dendrites and o-Al+Si eutectic (Figure 29b).

Fig. 29. Microstructure of clad tracks prepared at particle injection velocities of (C) 1 m/s
and (d) 5 m/s (Anandkumar et al., 2009)
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Due to the lower absorption of laser beam energy by aluminum alloy, the temperature of
metallic particles is always much lower than that of ceramic particles. The maximum
temperature attained by the particles as a function of their injection velocity is shown in
figure 30 (Anandkumar et al., 2009). Also, the temperature distribution of SiC particles
injected at 1 m/s along the X axis (y=0) is shown in figure 31. Particles arriving at the X axis
traveled the same time through the laser beam: particles reaching the surface near the laser
beam axis are subjected to higher radiation intensity and reach higher temperatures, while
the temperature decreases towards the periphery of the powder stream as the beam
intensity decreases. By contrast, the temperature of the particles increases linearly along the
Y axis (Figure 32). Two factors explain this evolution. On one hand, the length of the
particle's path through the laser beam varies along the line: it is zero for particles reaching
the leading edge of the melt pool and increases with Y up to the trailing edge of the melt
pool, where it reaches its maximum value. On the other hand, attenuation of the laser beam
by the particles, which decreases from the leading to the trailing edge, further enhances the
particle's temperature increase in this direction. The present results show that particle
injection velocity is a key parameter in control of the microstructure and properties of metal
matrix composite coatings produced from metal-ceramic powder mixtures by laser cladding
and laser particle injection (Anandkumar et al., 2009). The particles injection velocity must
be kept higher than a certain threshold to avoid excessive heating of the ceramic particles
reaching the melt pool and potential reactions between the reinforcement material and the
liquid metal.

Other laser parameters such as the power of laser and scanning rate have an important
effect on the properties and features of clad layers. Sallamand and Pelletier (Sallamand &
Pelletier, 1993), (during laser cladding of aluminium-base alloy with Al-Si and Ni-Al
powders), found that at low laser powers or high scanning speeds (or both), some of the
injected particle are unmelted and some porosity is sometimes detected as shown in figure
33. Also, with higher power or lower scanning,.
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Fig. 30. Maximum temperature attained by the particles as a function of their injection
velocity (Anandkumar et al., 2007)
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Fig. 31. Temperature distribution of SiC particles injected at 1 m/s along the X axis (y=0)
(Anandkumar et al., 2007)
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Fig. 32. Temperature distribution of SiC particles injected at 1 m/s along the Y axis (x=0)
(Anandkumar et al., 2007)

Speeds, or both, i. e. with a higher interaction time t and/or a higher absorbed energy,
melting of the injected particles occur, as mentioned above. When the power fraction
absorbed by the powder is higher than that by the substrate, only limited melting of the
substrate occurs and therefore cladding is formed, with a low dilution rate of the incoming
powder.
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Fig. 33. Micrograph of cladding before optimization of the processing conditions showing
that pores are detected. (Al-7at.% Si+injection of (Al, Si,Ni) powders; laser power P= 1900
W; scanning speed v = 1.5 cm s-1; diameter d of the laser beam on the sample 1.25 mm;
magnification G = 100) (Sallamand & Pelletier, 1993)

About the Ni powder, when adding the Ni powder into the melted aluminum alloy zone, it
is the need for good homogenization of the nickel. The diffusion-controlled process can be
enhanced by increasing the temperature, but then vaporization and plasma formation above
the sample have to be avoided in order to obtain regular treated zones. It can also be
enhanced by increasing the interaction time; however, an increase in the lifetime of the
melted pool yields an increase in the melted depth and, consequently, a higher dilution rate
of the nickel (Sallamand & Pelletier, 1993). The microstructure of a typical cladding is shown
in Figure 34. It appears to be mainly dendritic. The orientations of the dendrites are not very
regular; two explanations can be proposed:

1. A cross-section effect of a three-dimensional network occurs, where dendrites are
perpendicular to the solidification front which progresses from the bottom to the top of
the sample.

2. Convection movements in the melted pool can modify the regularity of the growth
direction, since they induce perturbations, both in the thermal gradients and in the
chemical composition (Sallamand & Pelletier, 1993). Nevertheless, the main result is the
existence of a fine and dendritic microstructre, without cracks, pores or undissolved
nickel, aluminium or silicon particles. Therefore the duration of the melted pool was
long enough to achieve first complete melting of the injected particles and then good
interdiffusion of the different elements. It may be observed in Figure 35 that the
geometrical features of the dendrites are progressively modified from the interfacial
zone to the surface of the sample; a progressive refinement occurs. This phenomenon is
due to the evolution of the solidification rate during the process itself: as shown by
many workers this rate starts from zero at the interface and increases to a maximum
value at the end of the phenomenon, on the surface of the specimen.
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20pm

Fig. 34. Microstructure of typical cladding (Al-7at.%Si + injection of (Al Si, Ni) powders;
laser powcr P = 2800 W; scanning speed t, = 1.5 cm s-1; diameter d of the laser beam on the
sample, 1.25 mm; magnification G = 80) (Sallamand & Pelletier, 1993)
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Fig. 35. Evolution of the size of the dendrites from the bottom to the top of the cladding (Al-
7at.%Si+injection of (ALSi,Ni) powders; laser power P= 2800 W; scanning speed v = 2.0 cm
s1; diameter d of the laser beam on the sample, 1.25 mm) (Sallamand & Pelletier, 1993)
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6. Laser shock peening of aluminium alloys

Laser shock peening (LSP) is an innovative surface treatment technique, which is successfully
applied to improve fatigue performance of metallic components. After the treatment, the
fatigue strength and fatigue life of a metallic material can be increased remarkably owing to
the presence of compressive residual stresses in the material. The increase in hardness and
yield strength of metallic materials is attributed to high density arrays of dislocations and
formation of other phases or twins, generated by the shock wave.

The ability of a high energy laser pulse to generate shock waves and plastic deformation in
metallic materials was first recognised and explored in 1963 in the USA (Ding & Ye, 2006). A
schematic configuration of an LSP process on a workpiece is shown in figure 36 (Dubourg et
al., 2005).

When shooting an intense laser beam on to a metal surface for a very short period of time
(around 30 ns), the heated zone is vaporised to reach temperatures in excess of 10 000°C and
then is transformed to plasma by ionisation. The plasma continues to absorb the laser
energy until the end of the deposition time. The pressure generated by the plasma is
transmitted to the material through shock waves (Ding & Ye, 2006). Although metals can be
highly reflective of light, keeping the constant laser power density and decreasing the
wavelength from IR to UV can increase the photon-metal interaction enhancing shock wave
generation. However, the peak plasma pressure may decrease because decreasing the
wavelength decreases the critical power density threshold for a dielectric breakdown, which
in turn limits the peak plasma pressure. The dielectric breakdown is the generation of
plasma not on the material surface, which absorbs the incoming laser pulse, limiting the
energy to generate a shock wave. In Figure 37, the decrease in the wavelength from IR to
green reduces the dielectric breakdown threshold from 10-6GW/cm?, resulting in
maximum peak pressures of approximately 5.5 and 4.5GPa, respectively (Ding & Ye, 2006).

Laser pulse

Plasma

\/ Water Confining Layer
Absorbing Layer m ML_,\

/ Workpiece

Shockwave deforms surface

Fig. 36. Schematically principle of laser shock processing (Ding & Ye, 2006)
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The transmission of an incident laser pulse throughout a water layer is expected to be
controlled significantly by its pulse duration and / or to its rise time. Indeed, the faster
energy deposition may generate the better laser-target coupling in plasma confined regime
with water (Peyre et al., 2005).

Payer et al. (Peyre et al., 2005) studies the influence of laser intensity, wavelength, and pulse
duration on the pressures generated in plasma. Results are presented in figures 38, 39.
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Fig. 37. Peak plasma pressures obtained in WCM as a function of laser power density at
1.064mm, 0.532mm and 0.355mm laser wavelength (Ding & Ye, 2006)
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Fig. 38. Influence of laser intensity and pulse durations on the pressures generated in plasma
confined with water regime (A=1.06 pm)-compaison with the analytical model of confinement
(25 ns) (Peyre et al., 2005)
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Fig. 39. Influence of laser wavelength on the pressures generated in plasma confined regime
with water (all measurements performed at 25 ns pulse durations except 0.308 pm at 50 ns)
(Peyre et al., 2005)

It can be seen that the maximum available pressure was saturated to nearly 5-6 GPa above 8-
10 GW/cm? laser intensity (Fig.1). This saturation was shown to occur because of a parasitic
breakdown plasma at the surface of the water which effect was to limit the energy reaching
the target and cut temporally the incident laser pulse, thus reducing its effective duration 8.
These pressure levels are usually sufficient to harden all the metallic materials but, most of
times, impact sizes need to be reduced to reach the convenient power densities (Peyre et al.,
2005). Also, the first conclusion to draw from these results is that pressure saturation levels
increase with shorter laser pulse durations: from 5-5.5 GPa at 25 ns to 6 GPa at 10 ns and 9.5-
10 GPa at 0.6 ns. At shorter durations, the pressure saturation occurs at much higher laser
intensity (I = around 100 GW/cm? versus 10 GW/cm? at 10-30 ns). This clearly indicates
that energy transmissions through the water thickness are improved and that deleterious
effects from breakdown plasmas are reduced by the use of shorter durations (Peyre et al.,
2005). As can be seen from figure 39 Maximum output pressures Pm.x and intensity
thresholds I tend to be reduced with decreasing wavelengths. At the same pulse duration,
maximum pressures decrease from 5.5 GPa at 1.06 um to 5 GPa at 0.532 pym and 3.5 GPa at
0.355 pm. Intensity thresholds in the UV regime are also reduced to nearly 4 GW/cm?2
versus 10 GW/cm? at 1.06 pm. Moreover, the pressure durations (and in turn the
transmitted laser pulse durations) decrease much more drastically above the intensity
thresholds at lower wavelength. Also, at low intensity (1-4 GW/cm?) the efficiency of the
pressure generation is shown to be improved at 0.532 pm and 0.355 pm. Indeed, according
to the analytical model of confinement, the "a" coefficient gives a good fitting with
experimental measurement with o = 0.45 versus a = 0.3 in the IR configuration). This could
be due to a better target-plasma absorption in the UV range (Peyre et al, 2005). LSP
generates compressive residual stresses (CRS) which are known to be the key to enhanced
surface Properties (Ding & Ye, 2006).
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Residual stresses increase with increasing laser induced pressures until a given pressure
level called Psat where a plastic saturation occurs and above which CRS remain nearly
constant. Below HEL (Hugoniot Elastic Limit), no plastic deformation occurs and in turn no
residual stresses. Maximum RS levels induced by LSP are close to -0.5 oy for one local
deformation and -0.7 oy for numerous ones (Figure 40) (Ding & Ye, 2006).
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Fig. 40. Influence of the mechanical properties of the targets on the residual stress levels
achievable by LSP - Results taken from (Aluminium alloys), (Astroloy Ni superalloy),
(X100CrMo17), (316L and X12CrNiMo12-2-2) (Ding & Ye, 2006)

Many recent studies have evidenced the beneficial influence of LSP on mechanical cyclic
properties. On cast and wrought aluminium alloys (Al-7Si and Al12Si, 7075), some 25 to 40
% fatigue limit increases were displayed on notched specimens submitted to R=0.1 bending
loadings. These results, superior to shot-peening (+25 % versus +12 % on 7075) were shown
to be due to some large improvements in the fatigue crack initiation stage (Peyre et al.,
1996).

Lu et al. (Lu et al., 2010) studied the effect of laser shock peening on properties of aluminum
alloys. In their report, the residual stress profiles of the treated samples after multiple LSP
impacts with the impact time as functions of the distance from the top surface are shown in
Figure 41. The substrates are approximately in the zero-stress state, indicating that the effect
of initial stress on the shock waves may be ignored (Tan et al., 2004). It can be noted from
Figure 41 that the significant compressive residual stresses mainly exist in near-surface
regions for all cases and the top surfaces have the maximum values of compressive residual
stresses (Lu et al., 2010).

The peak surface compressive residual stress and the depth of compressive residual stress
are significantly increased to 116 MPa and to 0.79 mm, respectively, as a result of 3 LSP
impacts on the sample surface. After 4 LSP impacts, the peak value of surface compressive
residual stress is increased to 123 MPa, and the depth of compressive residual stress reaches
about 0.80 mm. It can be seen that the surface compressive residual stress is increased by
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25.93% and 13.73% when the impact time increases from 1 to 2 and from 2 to 3, whereas the
surface compressive residual stress is increased by 6.89% when the impact time increases
from 3 to 4, but the surface compressive residual stress is kept to about 123 MPa after the
multiple LSP with 4 and 5 LSP impacts (Lu et al., 2010). It can be seen from Figure 42 that
the increasing rate of surface compressive residual stress decreases almost linearly with the
impact time, but the increase of surface residual stresses gradually reaches the saturated
state when the impact time exceeds 4. The similar results can be seen elsewhere (Masse &
Barreau, 1995; Ding & Ye, 2003).
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Fig. 41. Residual stress profiles of the hardening layer after multiple LSP impacts with the
impact time (Lu et al., 2010)
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Fig. 43. Schematic illustrations of micro-structure characteristics along depth direction in the
hardening layer subjected to 3 LSP impacts (Lu et al., 2010)

It is well known that residual stresses in metal materials are often the result of micro-plastic
deformation accompanying the micro-structure changes (Yilbas & Arif, 2007). As a result, it
is reasonable to assume that the LSP induced strengthening in metal materials is due to the
generation of dislocations. The schematic illustrations of the micro-structure characteristics
of the hardening layer subjected to 3 LSP impacts are shown in Figure 43. After 3 LSP
impacts, the change of dislocation structure can be also clearly seen at different layers, i.e., it
varies from DLs to DTs and DDWs, to subgrains or refined grains as functions of the
distance from the top surface. After multiple LSP impacts, the grains in the SPD layer are
clearly refined and there are plenty of DLs and DTs with high density in the SPD layer. As a
result of the grain refinement, the shocked area is strengthened according to the classical
dislocation theory (Chen et al., 2003), where

2ayb
=gt N (13)
2oy v (14)
4 D b

p

Here p is the shear modulus (~35 GPa for Al alloy), vy is the stacking fault energy (104-142
m] m-2 for Al alloy (Lu et al., 2010)), D is the grain size, and by and bp are the magnitudes of
the Burgers vectors of the perfect dislocation and the Shockley partial dislocation,
respectively. The parameter o reflects the character of the dislocation and contains the
scaling factor between the length of the dislocation source and the grain size.

The grain boundaries are taken as dislocation sources, as predicted by computer simulations
for subgrains or refined grains. When the grain size becomes smaller than a critical value,
Dc, determined by equating Egs. (13) and (14),

2au(by ~b, )b,

D=———-—"—
v

The generation of subgrain interfaces and stacking faults offers an alternative interpretation

to dislocation pile-up at grain boundaries to explain the continuous grain-size

(15)
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strengthening, as suggested by Eq. (14), and the strain hardening of the metal materials. The
reaction between the laser shock wave and the sample will be generated near the sample
surface, leading to the generation of the dislocation and the micro-structural deformation
near the surface, which can be explained by the fact that the compressive residual stresses
are generated in the PD layer, and the magnitude of the compressive residual stress
decreases away from the top surface.

The grain refinement mechanism is schematically illustrated in figure 44. Based on the
micro-structure features observed in various layers with different strains in the hardening
layer, the following elemental states are involved in the grain refinement process: (1)
development of DLs in original grains (state (I) in figure 44); (2) the formation of DTs and
DDWs due to the pile-up of DLs (state (II) in figure 44); (3) transformation of DTs and
DDWs into subgrain boundaries (state (III) in figure 44); and (4) evolution of the continuous
dynamic recrystallization (DRX) in subgrain boundaries to refined grain boundaries (states
(IV) and (V) in figure 44).
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Fig. 44. Schematic illustration showing micro-structural evolution process of LY2 Al alloy
induced by multiple LSP impacts (Lu et al., 2010)

The comparison of effect sot peening and laser sock peening on fatigue behavior of Al- alloy
was investigated by Gao (Gao, 2011). To determine the effect of surface enhancement on
fatigue property and get the optimum parameters, the FLPF analysis under the same stress
load or strain load conditions is usually employed. The FLPF is calculated as:

FLPF = mod ifiedspecimen 1 (16)

baselinespecimen

For the different surface conditions, the fatigue lives of specimens and FLPF are listed in
Table 2.
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Table 2. Fatigue lives of specimens and FLPF under 300MPa stress (Gao, 2011)

The compressive residual stress distribution along surface layer for laser-peened and shot-
peened specimens under different regimes are shown in Figures 45, 46.
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Fig. 45. Compressive residual stress field caused by shot peening (Gao, 2011)
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Fig. 46. Compressive residual stress field caused by laser peening (Gao, 2011)
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The fatigue strength for 1x107 cycles of 7050-T7451 aluminum alloy was increased by shot
peening and laser peening. Fatigue strength of the best-laser-peened specimens is 42%
higher than as-machined specimens and the fatigue strength of the best shot-peened
specimens is 35% higher than as-machined (Gao, 2011).
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