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Foreword

With the publication of this book, it is just 45 years since the seminal doctoral thesis
of David B. Spencer laid the foundation for semi-solid metal (SSM) processing.
Research interest remains high in developing the fundamentals of semi-solid
forming, and industrial applications of these fundamentals continue to grow.

The authors of this book have had a long and distinguished career in the field of
solidification processing and have collaborated very closely since 2003 on the
solidification and metallurgy of aluminum alloys. This book is an outgrowth of
such fruitful collaboration and a very detailed study on the semi-solid processing of
aluminum alloys.

An important strength of the book is its emphasis on fundamentals, including on
how SSM microstructure evolves and how stirring and thermal variables can alter
the structure and alloy distribution. The fundamentals of solidification are used to
interpret nucleation, growth, and disintegration of primary phase particles. Impor-
tant points are made regarding characterization of SSM structures including the
roadmap, “methodology,” and necessary tools and equipment to characterize such a
structure. The book is mainly on rheocasting, but thixocasting also forms a chapter.
SSM processes available or in the process of being developed are described.

Industrial applications are outlined in a chapter by Dr. Steve Midson, based on
his decades of experience in the field, most recently in China, where SSM research
and development is currently particularly strong. The time also appears ripe for an
expansion of SSM activities in other parts of Asia and in the West. However, it must
be recognized that major innovations, such as SSM, become adopted only slowly by
industries where capital costs are high, profit margins are modest, and failure to
meet customer requirements carry a high penalty.

The still relative newness of industrial applications of the technology makes it
evident that increased industrial utilization of the process will depend on continuing
close collaboration between researchers and production personnel.

Cambridge, MA Merton C. Flemings
June 2016






Preface

Numerous manufacturing techniques have been implemented for the production of
near net shape components of metals and their alloys. In principle, these techniques
could be categorized as liquid or solid based. Casting is a manufacturing route
initiated from liquid, while forging, extrusion, and rolling are some examples of the
solid-based fabrication techniques. A new category of metallic alloys processing
was introduced during the last quarter of the twentieth century combining the two
principles and inheriting both liquid and solid-based know-how. The new
processing route, the so-called semi-solid processing of alloys, claimed improved
quality at lower cost. The lower cost is mainly associated with tooling cost and
reduced energy consumption while achieving enhanced properties is due to better
control over microstructural evolution during the course of alloy processing and
parts fabrication.

Since the introduction of semi-solid metal (SSM) processing as a possible and
viable fabrication route in the early 1970s at MIT, a great deal of research has been
carried out worldwide resulting in industrialization of the process. The process is
now gaining momentum as an effective alternative to the classical manufacturing
processes of casting and forging. Knowledge of different routes and understanding
the formation of slurries, including the application of solidification science during
SSM processing, are necessary for further development and also selection of the
optimum and most appropriate process, including process parameters, for any
application. This book provides a vast amount of knowledge and know-how for
SSM processes which is mandatory for any researcher, SSM technologist, and
educator. It is also useful for both undergraduate and graduate teaching of solidi-
fication and casting of metals and their alloys. This book demonstrates the meth-
odology and necessary tools and equipment to characterize semisolid metallic
alloys. It also provides the reader with the fundamental knowledge on semi-solid
metal processes.

After the introductory Chap. 1 on aluminum industry and its role in economic
development along with some useful statistics, Chap. 2 discusses the semi-solid
metal technologies available to date, while Chap. 3 concentrates on the
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solidification, stirring, and alloy distribution during SSM processing of mainly Al—
Si alloys. Chap. 4 gives a detailed account of the techniques used to characterize
SSM billets which include metallographic and flow behavior, i.e., rheological
characteristics. Chap. 5 is concentrated on rheocasting of Al-Si alloys where the
findings on SSM research are presented for rheocast billets produced by low
pouring temperature, electromagnetic stirring, EMS, and Swirled Enthalpy Equil-
ibration Device, SEED, processes. Chap. 6 explains the melt treatment currently
employed for SSM billets, while Chap. 7 reports on the recent findings of research
activities on the thixocast billets’ production routes. In Chap. 8, we have invited
Dr. Steve Midson, Midson group-Colorado School of Mines, to highlight some
industrial applications of SSM processes in the production of high-quality engi-
neering parts.

The book is based on our research on SSM processes over the last 13 years
including one of our latest publications which was recognized “2013 winner of the
Buehler Technical Paper Merit Award for Excellence” by The Awards Committee
of the International Metallographic Society and Metallography. As well, the book
covers the work of many researchers and other well-respected research centers
worldwide. We are grateful to many of our colleagues and collaborators as well as
other researchers who have kindly provided us with their results and permission to
include them in this book. We particularly wish to acknowledge the following
individuals whose assistance and comments made this work possible and helped us
to overcome many hurdles:

e Dr. Omid Lashkari, Canada

¢ Dr. Alireza Hekmat, Canada

» Prof. Eugenio Jose Zoqui, University of Campinas, Brazil

¢ Dr. Frank Czerwinski, CanmetMATERIALS, Natural Resources Canada/Gov-
ernment of Canada

» Prof. Jessada Wannasin, Prince of Songkla University, Thailand

* Dr. Peyman Ashtari, Canada

» Prof. Magnus Wessén, Jonkoping University, Sweden

e Dr. Jayesh Patel, Zyomax Ltd, UK

e Dr. Jim Yurko, USA

e Drs. Shan Jin, and Hai-Lin Chen, Thermo Calc, Sweden

o Pascal Coté, STAS Inc., Canada

« Djibril René, European Aluminium Association, Belgium

» Véronique Bouchard, Trans-Al Network, Canada

e Matt Meenan, The Aluminum Association, USA

¢ Rosanna Boyd, Australian Aluminium Council, Australia

An enormous task of finalizing the book was about acquiring permission for
materials we used in this context and we would like to acknowledge the assistance
of the following:

e Prof. Plato Kapranos, Sheffield University, UK
» Prof. David St. John, Queensland University, Australia
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¢ Prof. Hao Wang, University of Southern Queensland, Australia

¢ Prof. Merton Flemings, MIT, USA

« John Jorstad, USA

» Prof. Annalisa Pola, Universita degli Studi di Brescia, Italy

e Stephen LeBeau, Thixomat, Inc., USA

¢ Prof. Xiangjie Yang, School of Mechanical Engineering, Nanchang University,
China

¢ Dr. K.M. Kareh, Imperial College, London, UK
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e Prof. Nobutaka Yurioka, Japan

e Prof. S.J. Hong, Division of Advanced Materials Science, Kongju National
University, South Korea

» Prof. Donggyu Kim, Dong-A University, South Korea

TTP and Scientific Net (Dr. Andrey Lunev), ASM International, NADCA, AFS,
TMS, Elsevier, Maney (Routledge, Taylor & Francis Group), Springer, and many
others who are missed in this list.

We would like to acknowledge the financial support for some parts of our work
on semi-solid processing of aluminum alloys which was provided by Alcan Inter-
national (Rio Tinto-Alcan), Natural Science and Engineering Research Council of
Canada, CQRDA, and the University of Quebec at Chicoutimi, UQAC. In this
regard, we should acknowledge the contribution of Prof. Andre Charrette, UQAC,
Prof. Frank Ajersch of Ecole polytechnic de Montreal, Prof. Hojatollah Vali of
McGill University, Dr. Bahadir Kulunk of STAS Inc., and special thanks to Dr.
Joseph Langlais of Alcan for continued support.

We are also grateful to CanmetMATERIALS, Natural Resources Canada/Gov-
ernment of Canada (Drs. Jennifer Jackman, Mahi Sahoo, Daryoush Emadi, and
Mahmoud T. Shehata), for supporting our work on EMS process by providing
access to research facilities at CanmetMATERIALS.

Finally, the authors would like to acknowledge Prof. Jalal Hedjazi of Iran
University of Science and Technology who was instrumental in motivating the
authors on solidification and casting.

Edmonton, AB, Canada Shahrooz Nafisi
Adelaide, SA, Australia Reza Ghomashchi






Contents

1 Introduction........ ... ... ... . . . . . . 1
1.1 Near Net-Shaped Casting, N2SC. .. ... ... ... ... ....... 4
References. ... ... .. 6

2 Semi-Solid Metal (SSM) Technologies. . . .. .................. 9
2.1 Rheo-Route Techniques. ................. ... ......... 11

2.1.1  Mechanical Stirring . . .. ........ . ... . ... 11
2.1.2  Magneto Hydro Dynamic (MHD) Stirring
or Electro Magnetic Stirring (EMS). . .............. 15
2.1.3  New Rheocasting NRC™ or UBE Process. . ......... 17
2.1.4  The Cooling Slope Process (CSP). ................. 19
2.1.5 Liquid Mixing Process . . .. ........ . ... ... ..... 20
2.1.6  Semi-Solid Rheocasting SSR™ Casting. . . ... ....... 22
2.1.7  RheoMetal Process (Also Called Rapid Slurry
Forming Process, RSF). . . ... ... ... ... ......... 25
2.1.8  Ultrasonic Treatment. . . ........................ 27
2.1.9 Hitachi Process. ......... ... ... ... ....... 29
2.1.10 Low Pouring Temperature or Superheat Casting . . . . . . . 30
2.1.11 Sub Liquidus Casting (SLC®) ... .. 33
2.1.12 Swirled Enthalpy Equilibration Device (SEED)........ 34
2.2 Thixo-Route Techniques. . ... ....... .. ... ... 35
2.2.1  Thermomechanical Treatments. . .................. 35
222 Spray Casting (OSprey) . . ... ..covvvi i, 39
2.2.3  Liquidus or Low Superheat Casting. . . ............. 40
224  Chemical Grain Refinement. ... .................. 41
225 Thixomolding. ........ ... ... 42
References. ... ... ... . . 43

3 Solidification and Alloy Distribution During SSM Processing . . . . . . 49
3.1 Introduction. ... ... ... 49
3.2 Solidification During Stirring . . . .. ............. .. ... 50

Xi



Xii

Contents
3.2.1  Morphological Evolution During Melt Stirring. . . . .. .. 55

3.3 Experimental Approach to Study Solidification and Alloy
Distribution During SSM Casting . . . . .. .................. 60
3.3.1  Solidification During Stirring . . . .. ................ 61
3.3.2 Alloy Distribution. . . ........ ... ... ... 64
3.3.3  Particle Size Alteration During Stirring . . . ........... 71
References. . ... ... . 78
Methodology of SSM Characterization. . ..................... 81
4.1 Solidification Characterization. . . ... .................... 82
4.1.1  Various SSM Processing. . . . .............ovu.n.. 85
412 MeltTreatment. . . ...ttt .. 90
4.1.3 Chemical Analysis. ... ..., 90
4.2 Rheological Characterization. . ......................... 91
4.2.1  Principles of Rheology . ......................... 91
4.2.2  Rheological Behavior of SSM alloys. ... ........... 97
423 TestingMethods. ........... ... ... 112
4.3 Micro/Macro Structural Analysis. .. ...................... 122
4.3.1  Qualitative Metallography . . . ......... ... ... .... 123
4.3.2  Quantitative Metallography . . . . ........ ... ... .... 135
4.3.3  Microscopy/Image Analysis Setup. . .. ............. 142
References. ... ... .. .. 144
Rheocasting: Low Pouring, SEED, and EMS Techniques. . . . ... .. 151
5.1 Introduction. . ............ ... 151
5.2 Low Pouring Temperature Technique . . .. ................. 151
5.2.1  Experimental Setup.................. ... ... 152
5.2.2 Thermal AnalySis. .. ... ... 152
5.2.3  Structural Analysis. .. ... .. 157
524 Rheological Study . . ............ ... . ... . ... 159
53 SEED. ... 164
5.3.1  Experimental Setup................... ... ...... 164
532 Cooling Curves. . ... .coiiiie e 166
5.3.3  Microstructure, As-Cast Billets . . . ................. 166
5.3.4  Optimization of Processing Parameters. ............. 167
5.3.5 Chemical Uniformity . .. ........................ 170
5.4 Electromagnetic Stirring, EMS . . .. ... ... ... L oL 183

5.4.1  Effects of Superheat and Stirring on Grain

and Globule Size . .. ........ ... . ... ... ... ... 183
References. ... ... ... 194
Rheocasting-Melt Treatment . . . . .......................... 197
6.1 Melt Treatment in Semi-Solid Casting, A Review. ... ... ... .. 197
6.1.1  Effects of Grain Refining on Semi-Solid Structures. . . . . 197

6.1.2  Effects of Modification on Semi-Solid Structures. . . . . . 207



Contents

6.2 Melt Treatment in the Semi-Solid Casting,

SEED Technology . . . ... i

6.2.1 GrainRefining.......... ... ... ... ... . ...

6.2.2 Modification. . . ........ .

6.2.3  Combined Effect of Refiner—Modifier...............

6.2.4  Rheological Characteristics . . . ... ................

References. . ... ..

7 Thixocasting. .. ....... ... . . . .. . e

7.1 Introduction. . ... .. ...ttt

7.2 Thixocasting of the Refined Conventional Cast Specimens. . . . . .

7.2.1  Effect of Reheating Time on SSM Structure. . .. ......

7.2.2  Effect of Solidification Cooling Rate on SSM Structure . .

7.2.3  Addition of Various Refiners. . ...................

7.3 Thixocasting of EMS Billets. . . .........................

73.1 SandMold. ... ...

732 CopperMold. ........ ... ...

7.3.3  Grain Refining/EMS: the Premium Choice. . .........

References. . ... ..

8 Commercial Applications of Semi-Solid Metal Processing. . . . . . ..
Stephen P. Midson

8.1 Introduction. ............. ...

8.2 High Quality Castings . . .. ..ottt

8.3 Improved Quality Die Castings . . . . ...,

8.4 Thixomolding. .. ...... ... ...

References. . ... ...

Correction to: Semi-Solid Metal (SSM) Technologies. . . .. .........

Appendix A: Mathematical Solutions For Non-Newtonian

and Newtonian Fluids . . . .. ... .. ... .. ... .. ... . . ... . . ... .....

Appendix B: Lattice Disregistry Between Solid Al

and Inoculant Particle. . . .. ... ... ... .. .. .. .. .. .. ...

Xiii



Chapter 1
Introduction

Abstract An overall view of aluminum production and application is presented
with the latest statistics. The challenges facing the aluminum industry and major
aluminum producers worldwide are mentioned. Guidelines are given for future
development of aluminum shaping with main emphasis on casting and foundry
technology. Semi-solid metal casting is introduced as an alternative to reduce
environmental effects of aluminum shape casting through reduction of energy
consumption and generation of pollutants.

Since its first commercial production in 1854, aluminum has proved to be one of the
most versatile and useful materials discovered and extracted from the earth. It is the
material of choice in a wide range of design and engineering applications because
of its light weight, formability, corrosion resistance, and high specific strength; and
is the world’s second most used metal after iron (steels). Moreover, it is one of the
most readily recyclable materials in use for packaging, medical and electrical
applications, and motor and automotive manufacturing. Nearly three-quarters of
the aluminum ever produced in the world remains in use today because by its
nature, it is endlessly recyclable.

The aluminum industry is vital to the world economy with a production rate of
57.5 Mt in 2015 with China (31.2 Mt), Middle East (5.1 Mt), North America (4.5
Mt), Europe1 (4.4 M), CIS (3.9 Mt) and Rest of Asia (3.4 Mt) being the top six
aluminum producing regions in the world [1]. As an example of the importance of
aluminum to individual country’s economy, aluminum contributed to Australian
economy with nearly A$4.4 billion worth of export in 2014 [2]. For Canada as the
third producer of aluminum, exportation of aluminum represents more than 10 % of
the overall value of goods exported by Canada in 2013 [3]. The world production of
aluminum since 1950 is given in Fig. 1.1 and the pie chart for 2015 production in
Fig. 1.2 shows China producing more than half of the world’s aluminum [1].

Given its inherent properties and potential as a sustainable resource, new ways of
using aluminum in manufacturing processes and manufactured products are currently
being investigated worldwide. The roadmap on aluminum [4, 5] identifies specific
areas where research is urgently needed to bring aluminum to its full potential.

'EU + EFTA + Bosnia and Montenegro

© Springer International Publishing Switzerland 2016 1
S. Nafisi, R. Ghomashchi, Semi-Solid Processing of Aluminum Alloys,
DOI 10.1007/978-3-319-40335-9_1



2 1 Introduction
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Solidification and recycling, fabrication, and finished products are particularly
detailed. Prediction of structure, stress, and strain; understanding of relationships
between structure and materials performance; development of new manufacturing
processes; and forming techniques such as semi-solid casting are among the most
important research avenues identified. As an example, the latest Canadian roadmap
identifies the main challenges faced by the aluminum industry [5] to be:

(a) The need for the development of new aluminum products having superior
performance, produced using more efficient processes.

(b) Better access to predictive and actual product performance testing facilities so
as to meet the most demanding needs of the transportation, construction and
energy industries.

For development of new products, various forms of casting, in particular, offer
enormous possibilities since this production method is predominantly suited to the
use of recycled aluminum. However, the casting processes need to be innovative
and cost-effective. It is also highlighted that new applications must be found rapidly
and product-oriented research should be prioritized.

A close look at the nature of aluminum research over the last few decades shows
that efforts have chronologically been concentrated on: primary production and
related technology development with emphasis on environment and energy effi-
ciency, forming technologies, foundry and wrought alloys, and composite materials
(e.g., [6-9]). Although such intensive research activities have resulted in better
understanding of aluminum products, they equally generated new questions and
opened the way to new research avenues.

Renewed interest in aluminum intensive vehicles (AIV) and aluminum space
frames for passenger cars has resulted in a new focus on aluminum wrought and
foundry alloys casting, including the introduction of novel melt treatment and alloy
manipulation techniques such as semi-solid metal (SSM) processes. The near-net
shape casting and forming techniques such as conventional high pressure die
casting (HPDC) are inadequate due to large defect content [10, 11] and therefore
need to be customized to produce parts with load bearing capabilities. Equally
important are new alloys and melt treatment techniques to be developed to enhance
the quality of as-cast products. It is of particular interest in the context of the current
book that the first item identified in the Canadian roadmap [5] for shape casting of
aluminum alloys related to the alloy development for semi-solid rheocasting of
structural components, one of the principle objectives of the research carried out by
the authors, as well as new techniques for the production of thin wall cast parts.

One of the important issues facing the world community in general and the
developed industrialized countries in the twenty-first century, in particular, is the
impact of technology on the environment. This is particularly highlighted in
technologies that have been the backbone of industrialization age in nineteenth
and twentieth centuries, namely raw materials conversion such as steel making and
aluminum production with high greenhouse gas emissions and fabrication routes
for the shaping of the base metals into engineering components such as casting.

Although casting is the most economical route to convert raw materials into
readily usable engineering components, its full potential has not yet been exploited
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simply due to its impact on the environment and, of course, the integrity of the
product itself. SSM processes appear to be the answer for the development and
fabrication of cast products, cheaper with superior quality and less energy intensive.
The issue of less energy consumption in the context of SSM processes is in line with
the current debates on environment and therefore should help the manufacturing
industry to progress toward the “green manufacturing”.

The applications of less energy intensive light weight as-cast products in auto-
motive and aerospace industry will further mitigate the effect of pollution on our
environment as a result of less fuel consumption.

1.1 Near Net-Shaped Casting, N2SC

In order to reduce energy consumption in manufacturing engineering components,
it is necessary to approach this goal from two fronts:

1. Fabrication route, that is, more direct transformation of raw materials to readily
usable engineering parts
2. Feedstock for the fabrication route

For casting, the above-mentioned approach can be highlighted into combining
near net shape casting route with Semi-Solid Metal (SSM) processing as the source
of feedstock.

As shown in Fig. 1.3, shape casting involves so many steps but generally could be
divided into design and production stages [12, 13]. The effective design time has
been reduced through application of Computer Aided Design (CAD) and Computer
Aided Manufacturing (CAM) software packages. As for production, the recent surge
in casting simulation software packages created a great impact on the implication of
our understanding of solidification principles on casting design and operation. Such
predictive tools have enabled foundry engineers to increase the chances of fabricat-
ing sound cast parts by upfront evaluation. The casting engineers are now able to
combine experience with visual analysis tools to identify the key parameters in
reducing rejection rates and improving quality in shorter time. This eventually
reduces cycle time, improves quality, and most importantly boosts productivity.

There is ample information in open literature on the principles of modeling and
simulation of solidification and casting [14, 15] and a wide range of commercial
software packages available in the market for the modeling of shape casting. The
packages are able to provide detailed information on heat flow, fluid flow, mold
filling, radiation, thermomechanical stresses, and microstructural prediction and
evolution. The design and creation of such predictive tools as well as their appli-
cation require good knowledge of solidification principles and the physical charac-
teristics of the alloy to be cast.

The term near net shape casting covers the casting techniques where the as-cast
product does require none or at least a minimum amount of post-solidification/
casting treatments, that is, the red broken line rectangle segment in Fig. 1.3. These
are the following operations:
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In this regard, it is anticipated to have metallic molds in most cases, for near net
shape casting routes together with specialize machines and/or procedures to classify
a casting technique as the “Near Net Shape Casting,” N2SC. The key word here is
“precision.”

The implementation of N2SC should result in reduction of energy consumption
for manufacturing engineering goods. If this is combined with SSM processes
where the feedstock requires less energy for shaping, the fabrication of as-cast
products should be much cheaper plus the fact that there would lower maintenance
cost for tooling.

The current book is therefore designed to discuss the concept of feedstock
through better understanding of SSM processes. It provides the research findings
on rheocasting and thixocasting routes through detailed analysis of SSM billets
produced by a number of patented SSM processes. This includes melt treatment of
Al—Si alloys as well as process parameters effect in optimizing the SSM feedstock
characteristics such as solid phase content, its morphology, alloy distribution, and
rheological behavior.

References

. European Aluminium Statistics (2016), www.european-aluminium.eu
. Australian Aluminium Council Ltd (2016), www.aluminium.org.au/statistics-trade

3. Facts & Figures of the Canadian Mining Industry, The Mining Association of Canada (2014),
WWWw.mining.ca

4. The Canadian Aluminium Industry Technology Roadmap, An initiative of The Government of
Canada (2000)

5. Canadian Aluminium Transformation Technology Roadmap, National Research Council
Canada (2006)

6. W. Zhang, H. Li, B. Chen, CO2 emission and mitigation potential estimations of China’s
primary aluminum industry. J. Clean. Prod. 103, 863-872 (2015)

7. K. Kermeli, P.H. ter Weer, W. Crijns-Graus, E. Worrell, Energy efficiency improvement and
GHG abatement in the global production of primary aluminum. Energy Efficiency 8, 629-666
(2015)

8. Aluminum Industry Vision—Sustainable solutions, US aluminum industry publication (2001),
WWW.energy.gov

9. R. Love, M. Skillingberg, T. Robinson, Updating the aluminum industry technology roadmap.
in Conference: Symposium on Aluminum held at the TMS 2003 Annual Meeting, ed. by
S.K. Das (San Diego, 2003), Aluminum, 215-223 (2013)

10. R. Ghomashchi, Die filling and solidification of Al-Si alloys in high pressure die casting.
Scandinavian J. Met. 22(2), 61-67 (1993)

11. R. Ghomashchi, High pressure die-casting: effect of fluid flow on the microstructure of LM24
die-casting alloy. J. Mat. Proc. Tech. 52, 193-206 (1995)

12. R. Ghomashchi, Solidification and foundry technology, Metallurgical Engineering Course,
University of South Australia, Adelaide, Australia (1997-2000)

13. R. Ghomashchi, Process control and optimization of near net-shaped aluminum-silicon alloys

premium cast products. in Modeling, Control and Optimization in Nonferrous and Ferrous

Industry, ed. by F. Kongolie. Invited paper, Process Control and Optimization in Ferrous and

Non-Ferrous Industry (TMS, Chicago, 2003)

DN =


http://www.european-aluminium.eu/
http://www.aluminium.org.au/statistics-trade
http://www.mining.ca/
http://www.energy.gov/

References 7

14. Modeling of casting, welding and advanced solidification processes. in Proceedings of the
Tenth International Conference, ed. by D.M. Stefanescu, J.A. Warren, M.R. Jolly (Destin,
2003)

15. B.L. Ferguson, R. Goldstein, S. MacKenzie, R. Papp (eds.), Thermal process modelling. in
Proceedings from the Fifth International Conference on Thermal Process Modeling and
Computer Simulation (Orlando, 2014)



Chapter 2 ®)
Semi-Solid Metal (SSM) Technologies e

Abstract The concept of semi-solid casting is discussed with main emphasis on
rheocasting along with a brief account of the mechanisms responsible for the
microstructural development during rheocasting. A state of art of the available
SSM processes discussed to highlight the engineering features of SSM processes
already developed as well as those still at the development stage. After a detailed
description of rheo-routes, thixo-routes are also mentioned to provide a concise
view of SSM processes available to aluminum casting and foundry industry.

Semi-Solid Metal (SSM) processing is gaining momentum as an effective alterna-
tive to the classical manufacturing processes of casting and forging. This category
takes advantages of both liquid and solid forming processes. In the absence of shear
forces, the semi-solid slug is similar to a solid, for example, self-standing, while
with application of shear, the viscosity is reduced appreciably and the material
flows like a liquid, that is, thixotropic behavior; “dual characteristics where the
SSM billet has solid-like characteristics, but flows like a liquid under shear stress.”
Such unique characteristics have made SSM routes attractive alternatives to con-
ventional casting on an industrial scale.

Knowledge of different routes and understanding the formation of slurries is a
necessity for choosing the optimum and most appropriate process for any applica-
tion. The current chapter deals with the principles in the SSM studies including an
overview of different processing routes.

Technologies for SSM processing are generally structured into two basic groups
(Fig. 2.1):

* Rheo-routes
¢ Thixo-routes

The rheo-route involves the preparation of SSM slurry of alloys from liquid
phase and its direct transfer into a die or mold for component shaping. The term
“Slurry-on-Demand”, SoD, has been coined in industry to describe slurry making
operations that take place in the cast shops, thus providing a constant supply of
slurry for shaping operations.

The original version of this chapter was revised. The correction to this chapter is available at
https://doi.org/10.1007/978-3-319-40335-9_9
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Fig. 2.1 Schematic representations of SSM processes [1] (reprinted by permission of Taylor &
Francis Ltd)

The thixo-route is basically a three-step process, involving preparation of a
feedstock material of appropriate length and weight having an equiaxed or globular,
or indeed having the potential to transform into spherical structure on further
processing. The second step is reheating of the feedstock material to temperatures
between solidus and liquidus (mushy zone) to generate a semi-solid structure. The
final step is shaping of the mush with thixotropic characteristics. The feedstock for
thixo processes may include a variety of sources: rheocast billets, pellets or chips
(e.g., Mg casting), spray-formed solids, grain-refined ingots, compacted powders, or
mechanically deformed bars [2, 3]. Thixocasting was the first commercially viable
source for semi-solid processing. However, due to various concerns such as billet
preparation cost, limited production facilities, restricted alloys, in house recycling
difficulties, and overall high cost, competitiveness of the process has been decreased.

When rheocasting was first discovered, it was believed mechanical disintegra-
tion of dendritic structure during solidification is the main cause of forming the
globular structure. However, with more research and innovation in the SSM field, it
is believed that there are two distinct mechanical and thermal-based processes for
SSM preparation. In other words, globularization is achieved by mechanical means,
such as an impeller or vigorous melt flow by employing, for example, electromag-
netic force and through close control of heat balance, respectively. In these pro-
cesses, the dominant globularization mechanisms are different. The following
mechanisms are responsible for microstructural evolution of SSM products as
schematically illustrated in Fig. 2.2 [1].

e Mechanical and thermo-mechanical fragmentation of dendrites.
The concept of dendritic structure transformation during solidification was
proposed by Flemings [3, 4], Doherty [5], and later elaborated by Hellawell
[6]. The same concept is applicable to SSM processes. Following the nucleation
and initial growth, dendrites are broken mechanically or by localized remelting,
also known as dendrite root remelting, due to direct stirring by an impeller, or
indirect stirring, electromagnetic stirring (EMS). With continuous shearing of
the melt, dendrites morphology changes to “rosettes” and/or “globules.” With
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further stirring, particle ripening becomes dominant, driven by the reduction of
interfacial surface energy.

Creating multiple nucleation near the liquidus temperature with limited and
multidirectional growth, excessive nucleation

This is a thermally activated mechanism where localized undercooling is artifi-
cially generated within the bulk liquid to accelerate nucleation, leading to “exces-
sive nucleation” analogs to that of the “big bang” theory or “copious nucleation”
initially proposed by Elliot and Chalmers [7, 8]. From the solidification point of
view, if the mean free path between the nuclei becomes small due to excessive
nucleation, grains grow slowly due to limited constitutionally supercooled bound-
ary layer and multidirectional heat flow. Such solidification conditions should
eventually lead to the formation of more or less spherical primary phase particles.

As illustrated in Fig. 2.2, excessive nucleation-based processes are preferred
cause of elimination of at least one step and subsequently shorter processing time
d better globule morphology.

1 Rheo-Route Techniques

As mentioned earlier, there is a wide range of processes patented or under inves-
tigation worldwide. In spite of technical and technological differences amongst the

av

ailable rheo-routes, the most significant processes are as follows:

2.1.1 Mechanical Stirring

The implication of stirring during solidification of alloys was initially originated at
the Massachusetts Institute of Technology, MIT [9]. Melt agitation is commonly
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generated by means of augers or screw [10—12], impellers, paddles, or some special
kind of agitators [13—16]. The applied shear forces by melt agitation during
solidification create nondendritic structures. The process was advanced from
batch into a continuous process. As shown in Fig. 2.3, in the simple continuous
process, superheated liquid within the holding vessel flows into a gap between the
stirrer and the outer cylinder where it is simultaneously agitated and cooled. Slurry
flows from the bottom of the rheocaster either to be cast directly to shape
(rheocasting) or to be solidified as feedstock material for subsequent reheating
and thixoforming.

In spite of mechanical stirring being the first SSM processing technique, it has
found limited applications on industrial scale due to its drawbacks such as erosion
of the stirrer (particularly with more chemically aggressive alloys), the contamina-
tion of the slurry by oxides and dross, gas entrainment, low productivity, and the
difficulty in process control [2, 17, 18]. In addition, slurries produced by such
processes tend to contain larger, ripened rosette particles and less homogeneity than
other processes (Fig. 2.4). Such morphologies immobilize and entrap more liquid,
adversely affect the rheological behavior of the slurry by reducing the effective
liquid fraction.
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Fig. 2.5 Schematic of direct slurry formation process and machine components [19]

The aforementioned shortcomings have resulted in introducing new processes
using helicoidal screws and in most cases; shearing and solidification are carried out
in different sections of the rheocaster. The main reason for the modification seems
to be the improvement in the microstructural uniformity of semi-solid billets.

Figure 2.5 shows an example of a rheocasting process named DSF, “Direct
Slurry Formation” [19, 20]. The process is divided into three steps; formation of
semi-solid metal, maintaining the slurry, and transportation of the slurry to the
diecasting machine. Based on the production rate, superheat, and desired fraction
solid, the amount of the heat extraction is calculated. In the next step, adequate



14 2 Semi-Solid Metal (SSM) Technologies

1) heating elements; 2) crucible; 3) stopping rod; 4) barrel;
5) heating elements; 6) cooling channels; 7) barrel liner;
8) transfer valve; 9) die; 10) mold cavity; 11) heating elements;
12) shot sleeve; 13) twin-screw; 14) piston; 15) end cup;

16) driving system

Fig. 2.6 (a) Schematic illustration of the Rheo diecasting twin screw technology. (b) Flow pattern
on the cross section of the extruder [10]

shearing forces are provided by combination of two screws (auger and anchor
shaped rotors) which not only lead to dendrite fragmentation but also assist the
homogenous distribution of the primary particles in the slurry. This complex
mixing system is provided by utilizing an anchor-shaped rotor for vertical homo-
geneity with vertical shearing rods located proximal to the furnace walls for the
scraping of solidifying material. Finally, with the support of a vacuum system, the
prepared slurry is transferred directly to a cold chamber die-casting press.

Figure 2.6a also illustrates a successful design for rheocasting of Al- and
Mg-based alloys by Brunel University which referred as “rheo diecasting twin
screw technology, RDC” [10]. During this process, prepared liquid is fed into the
device and the liquid is rapidly cooled down to a desired temperature while
mechanically sheared under cooling at a controlled rate by a pair of closely
intermeshing screws. Combination of these screws, which is claimed, results in a
fluid flow in the form of “8” and therefore pushing the liquid along the axial
direction and as a consequence liquid undergoes multidirectional forces
(Fig. 2.6b). Figure 2.7 compares a cross-sectional view from the edge to the center
of a tensile sample produced by HPDC and rheo die casting process (twin screw
technology). As seen, the microstructure produced by mechanical stirring is more
uniform through the cross section.
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Fig. 2.7 Cross-sectional views of the microstructures from area between the edge and the center
of the tensile samples (6.4 mm Dia.) of A380 (Al—9Si—3Cu) produced by: (a) HPDC and (b) RDC
(Courtesy of Zyomax) [21]

2.1.2 Magneto Hydro Dynamic (MHD) Stirring or Electro
Magnetic Stirring (EMS)

It was claimed that electromagnetic stirring process was developed to overcome the
associated complications with the direct mechanical stirring [22, 23]. Indeed, the
application of EMS in casting process is not new and it was borrowed from steel
continuous casting process. It was shown that depending on the EMS unit location
on the caster (e.g., mold, below the mold, or before final solidification point), it has
several advantages including elimination of centerline segregation, converting
columnar structure to equiaxed, removing inclusions from melt, elimination of
mold powder entrapment, hotter steel in meniscus, etc. [24].

The local shear is generated by a dynamic electromagnetic field and the solid-
ifying metal is the rotor. The stirring action resulted from liquid movement shears
the dendrites causing the dendrites’ fragmentation during the process. This ulti-
mately generates a material flow between solidification front and bulk liquid. The
new fragmented equiaxed particles and wall crystals come close to the solidification
front and recirculated toward the liquid phase during crystal formation and growth.
Recirculation of equiaxed crystals results in partially remelting of dendrite arms
and after several recirculations, the globules are created. The stirring is deep within
the treated (filtered and degassed) liquid; therefore, the contamination is almost
eliminated. Such strong agitation breaks up the dendrites and transfers dendrite
branches as well as newly formed grains into the bulk, improving distribution of
particles and creating a uniform temperature throughout the slurry.

Figure 2.8 shows billets cast with and without application of EMS with a very
large superheat of about 230 °C. By continuous and uniform cooling parallel to
dendrites fragmentation and spheroidization during EMS process, it seems that the
process is reasonably capable for structural evolution. It has been reported [25] that
MHD casting process could be able to deliver the desired solidified microstructure
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Fig. 2.8 Polarized light micrographs showing the effectiveness of EMS in refining the structure of
A356 alloy cast at 850 °C (a) without stirring and (b) EM stirred

Fig. 2.9 Schematic of electromagnetic coils for MHD stirring and solid particle flow pattern in the

mushy zone (a) due to rotational inductive coils, (b) due to linear inductive coils, and (c) helicoidal
stirring (reproduced from [26])

’ .

with a grain size that is normally about 30 pm. This compares with the 100—400 pm
grain size produced by mechanical stirrers.

There are three modes of electromagnetic stirring capable of achieving vertical,
horizontal, and helical fluid flow. The helical mode is a combination of the vertical
and horizontal modes. In the horizontal flow mode, solid particles are moved in a
quasi-isothermal plane so that mechanical shearing is more likely to be the leading
mechanism for dendrite disintegration (Fig. 2.9a). In the case of vertical flow mode,
dendrites are almost equally fragmented at the solidification front. However,
dendrites are recirculated to the hotter region of the stirring zone with possible
partial remelting. Hence, thermal processing is dominant over mechanical shearing
(Fig. 2.9b).
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The continuous casting is made through either a vertical or horizontal arrange-
ment, which to be determined by the casting direction in relation to the gravity.
Vertical stirring has been employed in vertical caster only, while horizontal stirring
has been used in both vertical and horizontal casters. In addition, the microstruc-
tures produced from these feedstocks are affected by the design of the inductive
coils. Furthermore, electromagnetic force fields in the mushy zone are not uniform
which may result in billets having different degrees of structural modification in the
radial direction.

According to Niedermaier et al. [26], the main advantages of horizontal stirring
include cost-effectiveness and continuous production; however, the billet quality is
affected by gravity vector. From a technological point, the essential dissimilarity
lies in the gravity and casting direction interrelationship. In contrast to the horizon-
tal EMS stirring, the vertical EMS casting takes advantage from symmetrical
solidification and with almost no restriction of the billet diameter. However, the
vertical system has disadvantages such as discontinuous production, high invest-
ment, and production costs (however it could be used in combination with high
pressure diecasting for parts production [27]). It is claimed that EMS application
not only breaks down dendrites to encourage globularization, but also could have
beneficial effects on secondary phases, such as intermetallic particles and eutectic
silicon in Al—Si foundry alloys [28, 29].

MHD process was the first commercial route for semi-solid metal processing and
has been the most effective and most common method for production of thixo billet
for decades.

2.1.3 New Rheocasting NRC™ or UBE Process

The UBE process was developed by UBE industries—Japan [30] for production of
aluminum and magnesium alloys slurries. This is regarded as the slurry on demand
“SoD” process and relies on thermal treatment of liquid metal instead of stirring.
The sequence of processing steps leading to the formation of SSM slurries is
(Fig. 2.10) as follows:

» Molten alloy is prepared conventionally with a specific superheat (step 1)

e The liquid prepared in step 1 is poured into a thermally insulated vessel.
The vessel or cup is coated and cleaned between each cycle to maintain a
consistent process. The transfer of molten alloy could be direct or indirectly
through a jig, that is, cooling slope (step 2). If a cooling slope is used, then it acts
as a nuclei generator as discussed in Sect. 2.1.4 (it is important to note that grain
refiner addition and also the amount of superheat in step 1 depend on the
application of jig).

e In step 3, the alloy is held within the vessel for a specific time within the mushy
zone to obtain a specific fraction of solid appropriate for the subsequent forming
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Fig. 2.10 (a) Schematic representation of NRC process, (b) diagram showing the process
sequence for hypoeutectic Al—Si alloys (10) ladle; (20) cooling jig; (30) ceramic container;
(40) injection sleeve; and (50) mold [30]

process. In this step and with a uniform thermal gradient within the vessel, it is
claimed that fine and equiaxed dendrites grow as the fraction solid increases with
decreasing temperature.

e In step 4, the as-cast SSM billet is pressure formed in a permanent mold.
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2.1.4 The Cooling Slope Process (CSP)

Application of cooling slope is a widespread practice for semi-solid slurry produc-
tion. This process is based on the simple pouring the melt down on a cooling slope
with subsequent solidification in a die which could be used directly for rheo-
processing or indirectly to thixo-processing (e.g., Fig. 2.11). Refinement of the
solid particles within the slurry could be simply performed by directing the molten
metal through a water/air cooled tube [32-34] or by other means or even the cooling
slope could be linked to a vibrator [35]. Therefore, the key variables of this process
are the length and angle of the cooling slope, slope material, and superheat of the
molten metal. Cooling slope practice may result in oxide film formation and gas
pickup which should be considered during commercialization process.

Semi-solid strip casting using an unequal diameter twin roll caster is another
case of using cooling slope. As depicted in Fig. 2.12, the semi-solid slurry is made
by a cooling slope and then rolled in an unequal diameter twin roll caster. A
conventional twin roll caster is not suitable for rheocasting as the SSM slurry easily
solidifies in the nozzle. It was stated that A356 Al—Si alloy could be produced by
this method for use in press forming [36].

The mechanism of semi-solid globule formation in this process was studied by
Motegi et al. [37]. They proposed “crystal separation theory” explaining that the
nucleation and growth start on the chill mold wall (inclined cooling slope) and its
detachment due to the fluid motion (Fig. 2.13) is responsible for globule primary
particles formation. The detachment was claimed to be more efficient by applica-
tion of vibration [35].

Fig. 2.11 A cooling slope Thermocouple
casting system [31]
Crucible
O O
O O
O O Induction Tegnusy
O (O Furnace
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Water cooling

Cooling slope

Steel mould



20 2 Semi-Solid Metal (SSM) Technologies

»
Cooling Slope
Upper Roll f
—>

Solidification
Range

Fig. 2.12 Schematic of
unequal diameter twin roll
caster (adapted from [36])

Lower Roll

8 Mpldwak Molten alloy b

Fluid motion

O

Granular grain  Necked shape Separation

Fig. 2.13 Schematic presentation of crystal separation theory [37]

2.1.5 Liquid Mixing Process

This process is simply based on the formation of a new alloy from mixing of two
molten alloys, either 2 hypo- or a hypo- and hypereutectic Al—Si alloy [38, 39]. The
rational for this process is based on the fact that if two or more molten alloys having
different melting points and superheats are mixed either directly within an insulated
vessel or indirectly with a first contact on cooling plates, they create nuclei in the
mixture. The amount of superheat, melt treatment, holding time within the vessel,
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Fig. 2.14 (a) Schematic representation of one mixing process; (b) a diagrammatic representation
showing the metallographic structure of a shaped part (10) ladle; (20) cooling jig; (30) ceramic
container; (40) injection sleeve; and (50) mold [30]

weight ratio of two molten alloys, and the mixing method are the main factors that
must be fully controlled, see Fig. 2.14 [30].

Another version of the liquid mixing was introduced by Apelian et al. [40, 41]
dubbed “Continuous Rheoconversion Process, CRP”. In this process, two melts
(either from the same alloy or two different alloys) are mixed within a reactor. The
reactor provides heat extraction, copious nucleation, and convection during initial
stage of solidification leading to the formation of thixotropic structure (Fig. 2.15).
It was claimed that CRP is a flexible process and could be used for thixo and
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collect slurry

Fig. 2.15 Schematic and a picture of CRP apparatus [40]

rheo-routes. For industrial applications, the reactor was optimized and simplified in
such a way that only one melt is involved with a cooling system incorporated into
the reactor (Fig. 2.16). The CRP reactor could be mounted above the shot sleeve of
die-casting machine (the melt could be pumped from the holding furnace to the
reactor). CRP can be used to produce wrought aluminum alloys via shaped casting
to achieve high strength of wrought alloys in cast parts [40, 41].

2.1.6 Semi-Solid Rheocasting SSR™ Casting

This is a process proposed initially by MIT [42—45]. It has been claimed to produce
fine SSM structures with no entrapped liquid. The process, Fig. 2.17, consists of the
following steps:
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Fig. 2.16 Schematic of a
CRP Wlthln a diecasting Liquid Liquid
machine (adapted from A B
[41])
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Shot Sleeve
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e
00

Fig. 2.17 (a) Sequence of the new MIT process and (b) micrograph for 356 cast alloy [45]

e Melt agitation over a very short period of time at temperatures within mushy
zone close to liquidus using a so-called Spinning Cold Finger or Cold Diffuser
such as copper or graphite rod.

¢ Localized heat extraction.

» A short period of slow cooling or isothermal holding within the mushy zone.

It is claimed the combined stirring/cooling action around the liquidus tempera-
ture of an Al—Si alloy results in copious nucleation of primary a-Al particles in the
melt. The SSR process is shown to be compatible to both low and high fraction solid
castings. It is worth noting that the low fraction solid slurry could be handled like a
liquid and therefore there is no need for modification of the conventional diecasting
machine, for example, the stroke of the machine does not need to be lengthened.
Figure 2.17b shows a typical SSM structure produced by this method.
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Fig. 2.18 Schematic drawing of GISS process [46] and examples of possible configurations to
introduce gas bubbles [47]

Wannasin et al. [46] have shown that if a combination of localized chill (cold
finger explained above) with vigorous convection is applied to a melt held just
above its liquidus temperature; a nondendritic structure can form in a few seconds
following its solidification start. It is suggested that during the initial moments of
solidification, the so-called mother dendrites form at the vicinity of cold finger
within the melt. Meanwhile convection is achieved by the flow of large number of
fine gas bubbles out of the cold diffuser into the liquid. The vigorous convection is
stated to cause grain multiplication and results in a large number of fine solid
particles dispersed throughout the melt. Therefore, the technique was termed “Gas
Induced Semi-Solid”, GISS process [46]. In this process, a graphite diffuser is
immersed into the molten metal (various configurations could be used to introduce
the fine gas bubbles as shown in Fig. 2.18). The convection created by gas bubbling
assists generation of secondary nuclei particles and leads to a nondendritic struc-
ture, Fig. 2.19. The first step in this process is to determine the liquidus temperature
and then select process temperature of a few degrees above its liquidus. The
rheocast time is about 5-30 s. Figure 2.19 shows an example of a rheocast Al7%
Si billet structure [48]. This technique has been developed and commercialized in
Thailand [49].

Based on the SSR casting, other similar processes were also reported. In one case
[50], molten metal is directed toward a hollow vertical rotating stainless steel rod
having its temperature controlled by a cooling system. The rotating speed is
adjusted to achieve the optimum structure. The rotating prepared slurry is then
poured into a graphite crucible (Fig. 2.20).
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Fig. 2.19 Microstructures of semi-solid cast for Al7Si—0.32 Mg0.46Fe alloy by the GISS process
using different temperature and solid fractions [48]

2.1.7 RheoMetal Process (Also Called Rapid Slurry Forming
Process, RSF)

The RheoMetal process is based on the enthalpy exchanges between alloy systems
in controlling the final solid fraction of the slurry. In this process, at least two
predetermined alloy systems having different heat content (normally two, one
liquid, and one solid) are mixed together through stirring to produce a new alloy
with the required enthalpy and solid fraction. This is essentially different from most
other SSM processes where heat extraction (outer cooling) and temperature control
of the melt are the key issues for controlling the solid fraction of the slurry.
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Fig. 2.20 Rotating rod
equipment; 1. connecting to
electric motor, 2. cooling
system, 3. pouring system,
4. self-rotating rod,

5. temperature control
system of slurry prepared
chamber, 6. melt film, and
7. semi-solid slurry
(reproduced from [50])
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Fig. 2.21 Schematic diagram of the RSF process (reproduced from [51]) (1) extract the melt,
(2) pour into a mold to make EEM, (3) prepare a slurry by means of stirring and EEM melting, and
(4) pour the slurry into the shot chamber

Schematic presentation of the process is given in Fig. 2.21 [51]. A liquid metal is
poured into an insulated vessel or container. Then a predetermined amount of solid
alloy, which is attached to a stirrer, is added to the melt and start stirring. The solid
material is comparatively cold having a relatively low enthalpy. Accordingly, it
absorbs the heat from the melt and exchanges enthalpy with melt. Gradually it will
partially or totally melt away and at the end will mix evenly with the original melt to
form a new alloy system with desired enthalpy and solid fraction. The added solid
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Fig. 2.22 (a) A section of cavity filter for telecom industry with wall thickness less than 0.5 mm,
AlSi6Cu2.5 [52]. (b) microstructure of A356 slurry quenched in water, RSF process [53]

material is also called “Enthalpy Exchange Material”, that is, EEM. Evidently, the
starting temperature and composition of the melt and the EEM as well as the added
percentage of the solid alloy will determine the final solid fraction of the slurry. The
slurry can be directly used for rheocasting, or cast as feedstock material which
could be reheated into a semi-solid state for thixoforming. This process is com-
mercialized by RheoMetal AB in Sweden; an example is presented in Fig. 2.22a
[51-54]. It was claimed that the grains obtain from this process for A356 alloy have
globular morphology of about 50-100 pm depending on different parameter set-
tings, Fig. 2.22b [53].

2.1.8 Ultrasonic Treatment

It is well established that application of ultrasonic treatment to a liquid metal at a
starting temperature above its liquidus can effectively produce a fine and
nondendritic microstructure, which is suitable for subsequent reheating and
thixoforming operations. According to the literature, introduction of high power
ultrasonic into a liquid can lead to two basic physical phenomena [55]: cavitations
and acoustic streaming.

Cavitation includes the formation, growth, pulsation, and collapsing of tiny
bubbles within the liquid. It is stated that the compression rate of these unsteady
bubbles can be so high that hydraulic shock waves could be generated by their
collapsing. Primary dendrites are broken by these waves, and therefore producing
potential nuclei. The transmission of high-intensity ultrasonic waves also includes
the initiation of steady state acoustic streaming within the melt. The various kinds
of streams results in vigorous mixing and homogenization of the melt [55].

Hydraulic and acoustic streams create shock waves initiating from collapsing of
cavitation bubbles in order to break down the dendrites. In addition, acoustic
streams generated by ultrasonic treatment will homogeneously distribute these
fine solid particles. By application of any means of vibration, structural evolution
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Fig. 2.23 Structural evolution of A356 alloy (a) (¢) without ultrasonic treatment and (b) (d) with
ultrasonic treatment [59]

occurs including grain refinement, suppression of columnar grain structure,
increased homogeneity, and reduced segregation [55].

Abramov et al. [55-57] investigated the possibility of obtaining a thixotropic
structure by an ultrasonic treatment in Al—Si-based alloys and found it as an
effective way of treating major commercial Al—Si alloys. By ultrasonic vibration,
most of the silicon particles were broken and strength of the alloy increased.
Ultrasonic vibration at 20 kHz was introduced into A356 alloy as it was cast into
a copper mold at the temperature of 630 °C [58, 59]. It was found that not only a
globular/nondendritic microstructure was obtained, but also the morphology of
eutectic silicon was altered from a coarse acicular plate-like form when no ultra-
sonic vibration was used, to a finely dispersed rosette like form when ultrasonic
treatment was employed, Fig. 2.23. Other researchers [60—-62] had similar findings
and emphasized that an optimized combination of process parameters such as
treatment time and alloy temperature are key factors. As well, it was found that
ultrasonic vibration can not only refine the primary a-Al and primary Si in AI—-Si
alloys, but also could refine the intermetallic compounds such as Fe containing
intermetallics.

In a different commercial trial, billets were prepared by mechanical vibration in
the ultrasound range between 10 and 100 kHz [63] (note that the produced billets
could be used as thixo feedstock). As shown in Fig. 2.24, a vibration producer is



2.1 Rheo-Route Techniques 29

Fig. 2.24 Exemplary
embodiment of the
vibration continuous

cast [63]. 12) Cooled die,
14) Gap, 16) Coolant, 20)
Fire-resistant insert, 26)
Start up base, 28) Vibration
producer, 32) Mushy zone

immersed into the liquid metal exactly above the billet production unit which
eventually results to the formation of a fine globular structure upon solidification.
It is worth noting that this stirring effect is maintained up to the end of solidification
in contrast with the electromagnetic stirring which is dependent on the viscosity of
the solidifying metal. Experiments have shown that in 356 alloy, the grain size was
reduced almost by 50 % [63]. Pola et al. [60] successfully used the ultrasound
system effectively in production of 7 in. A356 billet in a direct chill pilot plant.

2.1.9 Hitachi Process

In this process, the liquid is directly transferred into the shot sleeve using an
electromagnetic pump [64, 65], Fig. 2.25. The application of electromagnetic
field over the water cooled shot sleeve causes the stirring and continuous cooling
of the melt within the shot sleeve to produce the required SSM slurry before
injection. As a result of cooling from shot sleeve as well as induction heating
from electromagnetic field, it was claimed that the temperature of the liquid in the
shot sleeve decrease uniformly. This process is stated to have the following
benefits:

« By direct casting from liquid state, it offers the rheocasting advantages.

e By EMS application, uniform temperature distribution in the shot sleeve is
guaranteed.

» Electromagnetic pumping results in oxide inclusions reduction and pouring
weight is accurate.
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Fig. 2.25 Hitachi process with focusing the electromagnetic stirring in the shot sleeve [65]

¢ Due to less oxide contamination and protected atmosphere as well as vigorous
agitation, mechanical properties of the casting prepared by this process are better
than those of squeeze casting and are almost the same as those of conventional
SSM process.

It seems that this process has been used by Hitachi Metals Inc on a limited
basis [65].

2.1.10 Low Pouring Temperature or Superheat Casting

It has long been realized by foundrymen and ingot casters that low pouring
temperature not only causes the formation of equiaxed grains, but also reduces
casting defects, such as segregation and gas and shrinkage porosity. In semi-solid
processing, the lower pouring temperature or in general the reduced temperature
provides longer tool life, better dimensional tolerance due to less expansion and
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Fig. 2.26 (a) Schematic of casting method and (b) effects of pouring and sleeve temperature on
roundness factor, A356 alloy (reproduced from [66])

shrinkage, and related defects. Convection during mold filling is an important factor
as solidification begins. For low pouring temperatures, the natural convection due
to pouring redistributes the nuclei formed, whereas at high pouring temperatures,
the natural convection subsides before solidification even begins and all the formed
nuclei remelt leaving the solidification to start with a relatively motionless melt.

Shibata et al. [66] as well as the authors [67] have shown that spherical primary
solid phase can be easily obtained by low pouring temperature method. As shown in
Fig. 2.26, the melt was poured into the shot sleeve and injected into the die cavity
after a defined cooling period. The effect of pouring and sleeve temperatures on the
roundness (roundness was defined as ratio of alpha particles over imaginary circle
having the same circumference) of a-Al particles is shown in Fig. 2.26b. Higher
roundness of primary a-Al particles were obtained at the lower pouring/sleeve
temperatures. This phenomenon appears to be based on equiaxed grain formation
initiated by instantaneous nucleation within the bulk liquid, which could be con-
sidered as similar to copious nucleation mechanism [8].

Wang et al. [68, 69] produced AlSi7Mg0.35 alloy with different pouring tem-
peratures in a stepped die using a vertical injection squeeze casting machine. In
their experiments, pouring temperature was decreased from 725 to 625 °C. With
decreasing pouring temperature, the as-cast microstructures changed from coarse
dendritic (725 °C) to fine rosette-like (625 °C). Also with reheating the billets at
580 °C and quenching, particle size decreased with decreasing pouring temperature
(Fig. 2.27). Table 2.1 summarizes their results. The variation of shear stress with
displacement after isothermal holding at 580 °C for 15 min is also reported
[69]. The 725 °C cast samples show high shear strength in excess of 50 kPa,
whereas for the 675 °C material, the shear strength is reduced significantly to
20 kPa. When the pouring temperature is reduced to 650 °C, the shear resistance
of the material is very low at about 5 kPa and the shear stress does not drop
significantly after the maximum for 650 °C graph in Fig. 2.28.
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Fig. 2.27 Microstructures of (a) as-cast at 725 °C, (b) as-cast at 625 °C, (c) and (d) partially
remelted and isothermally held for 15 min from specimens with initial microstructure exhibited in
(a) and (b), respectively [69]

Table 2.1 Summary of the microstructural parameters measured in the as cast and reheated billets
at 580 °C for 15 min [69]

As cast microstructure Reheated microstructure

Grain Particle
Casting condition | Structure size (um) | size (um) | Morphology
725 °C Coarse-grained, dendritic 900 310 Solid network
675 °C Medium-grained, dendritic | 350 160 Trregular globular
650 °C Fine-grained, dendritic 200 102 Spherical globular
625 °C Fine rosette-like 180 100 Spherical globular

Interestingly, it was found that pouring technique influences the grain size which
was shown for the first time by Chalmers [8, p. 267], Dahle et al. [71] repeated the
practice by using an experimental arrangement as shown in Fig. 2.29. A thin
cylinder of metal screen was placed into a mold and then molten metal was poured
both from the wall and center of the mold. One can see that the grain size in the
center is much finer when liquid is poured from the cold wall because of the large
amount of nuclei produced in the first contacts.



2.1 Rheo-Route Techniques 33

Fig. 2.28 Variation of 80
shear stress with
displacement for the 70 4

356 alloy cast at different
temperatures and
isothermally held at 580 °C
(reproduced from [70])
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Fig. 2.29 Macrostructures produced by different pouring techniques (a) central pouring and (b)
wall pouring (each casting had 50 mm width, 70 mm height) [71]

2.1.11 Sub Ligquidus Casting (SLC®)

The SLC® process considered another simple slurry production approach to SSM
processing introduced by THT Presses, Inc., in 2000. This process involves pouring
grain refined and/or modified melt at very low or near liquidus temperatures into a
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Fig. 2.30 Schematic of SLC shot sleeve and gate plate [72] (reproduced from the Foundry Trade
Journal)

vertical shot sleeve, controlled cooling of metal in the shot sleeve and injection into
the die cavity, following the formation of desired fraction solid and slurry ripening
within the cold chamber (Fig. 2.30). As shown, slurry is formed within the shot
sleeve. A gate plate transfers slurry into the die cavity. The large diameter of the
shot sleeve results in the use of melt within central part of the sleeve, avoiding the
use of material closer to the mold wall (which has the higher solid fraction). It has
been reported to yield a globule size of approximately 75 pm. Unlike other SoD
routes, the SLC® process requires no slug (billet) preparation equipment or
processing time outside of the casting machine [72-76].

2.1.12 Swirled Enthalpy Equilibration Device (SEED)

This is a process patented by ALCAN International [77]. In the SEED process, a
superheated alloy is poured into a cylindrical mold. The mold is then rotated
off-center at certain RPM. Duration of this stage depends on the dimension of the
mold and the mass of charge, but typically between 30 and 60 s was reported
[78]. In the next step, the swirling motion is stopped, and after a brief pause of
5-10 s the bottom plug is removed to allow some remaining liquid to drain. The
degree of superheat and the swirling and drainage time and speed are selected in
such a way as to allow a solid fraction of 0.3-0.4 to form before drainage. This is
based on heat exchange between the mold and molten alloy. After a specific time
between 30 and 45 s, the prepared billet is unloaded and transferred into a high
pressure diecasting machine to fabricate the finished products.
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Fig. 2.32 Pre industrial SEED unit at the pilot plant as well as various sizes of crucible and slug
(Courtesy of ttp Publications, Inc., [80])

Based on the feedback from industrial users, the process was further developed
to have two alternative modes, with and without the drainage step; both reported to
have similar structure and mechanical properties [79] (Fig. 2.31). It has been also
claimed that the process is capable of handling a range of foundry and wrought
alloy compositions such as 206, 319, 356/357, AA6061, and AA6082. In addition,
the process can produce different slug dimensions and weights up to about 18 Kg,
Fig. 2.32 [80]. At the present time, this process is being commercialized and
specific information on the process is available in the open literature [78-82].

2.2 Thixo-Route Techniques

2.2.1 Thermomechanical Treatments

In the conventional deformation processes such as rolling and extrusion, dendritic
microstructure is deformed and distorted. This heavily deformed structure is an
excellent feedstock for thixo billet and could be easily changed to equiaxed and
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globular structure upon reheating to temperatures above recrystallization tempera-
ture. A few routes are addressed here.

2.2.1.1 The Strain-Induced Melt Activation (SIMA)/Recrystallization
and Partial Melting Process (RAP) Processes

It was the primary objective of the SIMA inventors [23] to devise a more flexible
and economical process for providing small diameter feedstock for some wrought
alloys (which in many cases is the limitation of the process). This process involves
(Fig. 2.33):

» Following melting, casting, and cooling to room temperature, the billet is
reheated to recrystallization temperature and extruded. Then the billet is
quenched and further cold worked.

» Reheating the cold worked billet to the semi-solid temperature range. In this
step, following partial remelting, an extremely fine, uniform, and nondendritic
spherical microstructure is generated (Fig. 2.34).

» Thixoforming the billet.

There is also another process similar to the SIMA referred as “Recrystallization
And Partial melting”, RAP process. In SIMA process, hot working is performed
above the recrystallization temperature, whereas RAP process has a warm working
step, Fig. 2.33.

If the feed stock is sufficiently deformed and recrystallized, reheating to tem-
peratures above solidus will generate partial remelting and formation of ideal slurry
composed of rounded solid primary particles within a liquid matrix. The initial
deformation may be carried out above the recrystallization temperature (hot work-
ing) followed by cold working at room temperature [23, 25], or alternatively below

A \elt and Cast

T liquidus

T solidus

T recrystallization

T room

No Action No Action

>

Time

Fig. 2.33 SIMA and RAP processes (the difference for RAP is in red) (adapted from [83])
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Fig. 2.34 SIMA processing route for semi-solid forming, 357 alloy (a) direct chill cast with 6 in.
diameter, (b) longitudinal section of the extruded stretched bar, and (c¢) cross section of the
reheated and quenched sample [23]

the recrystallization temperature (warm working) to ensure the maximum strain
hardening, as also suggested by Kirkwood and coworkers [2, 84].

Sufficient cold deformation induces recrystallization during subsequent heating
when strain is above a critical amount. Recrystallization leads to the formation of a
large quantity of high angle grain boundaries, which are able to melt readily when
heated above solidus (partial remelting). Therefore, greater degree of cold working
results in the smaller grain size, that is, finer globules. This is shown in Fig. 2.35 for
Al7%Si alloy cold rolled with various thickness reductions [85] (it is important to
indicate that the strain may not be uniform across the billet).

2.2.1.2 Equal Channel Angular Pressing (ECAP)

Severe plastic deformation (SPD) techniques have been proved to be capable
enough to produce thixo feedstock. In this method, a high plastic strain is applied
to a solid feedstock without any significant dimensional change [86]. Equal Chan-
nel Angular Pressing (ECAP) gained attention as a viable source for thixo feedstock
[87-89]. In this process, the SSM feedstock is pressed directly in two channels
having a constant cross section which is bent at an angle (such as 90 or 120°). As the
cross section of the sample remains constant, the process can be repeated for many
passes till the optimum structure and properties achieved. The severity of plastic
deformation is a key in the formation of globular structure. The more passes result
in more deformation; however, it should be noted that there should be a balance
between passes, that is, deformation, and reheating temperature and time to prevent
the grain growth after reheating. An example of A356 alloy prepared with various
processing methods is shown in Fig. 2.36 [87] which the ECAP sample has been
proved to have the smallest grain and globule sizes and highest sphericity in the
semi-solid state.
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Fig. 2.35 Microstructure of conventionally chill cast A1Si7Mg0.6 cold rolled (a) 0 %, (b) 10 %,
(¢) 25%, and (d) 40 % prior to isothermally held at 580 °C for 30 s for partial remelting.
All samples were quenched to room temperature from 580 °C [85]

Fig. 2.36 Images of A356 alloy produced by (a) water-cooled mold cast, (b) water-cooled mold
cast and enhanced by refining and electromagnetic stirring, and (c¢) water-cooled mold casting
route with a single pass by ECAP. Images of partial melting at 580 °C, (a), (b), and (c) correspond
to (d), (e), and (f) [87]
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Fig. 2.37 (a) Two different arrangements for tube and billet production by Osprey process,
(b) solidification mechanism of Osprey process [90] (reprinted by permission of Taylor & Francis
Ltd)

2.2.2 Spray Casting (Osprey)

The process with two different billet manufacturing routes is shown in Fig. 2.37.
Briefly, the specified alloy is induction melted in a crucible located on the top of the
spray chamber (an option is linking the melting unit directly to a tundish). The
liquid is directed through a nozzle into a gas atomizer with various flow rates for
different alloys. This results in atomization of the liquid stream into different
droplet sizes. The liquid droplets are cooled by the atomizing gas and subsequently
interact with the substrate.

According to Mathur et al. [91], there are two stages for the process: One is when
the droplets are in-flight and just interact with the atomizing gas, and the other is
when they impact and interact with the substrate. In the first stage, the generated
droplets are classified as fully liquid, semi-solid, or completely solid. Droplets are
collected on a substrate and solidified to form a shaped casting as depicted in
Fig. 2.37b. Following atomization, the droplets impinge, consolidate, and solidify
on the substrate to form a homogenous structure.

In the case of aluminum alloys, Al4%Cu was chosen for spray forming since
Al—Cu alloying systems are prone to micro/macrosegregation and porosity forma-
tion. Billets of about 30 kg weights were formed, and Fig. 2.38 compares structure
produced by continuous casting and spray forming. Spray formed material has
almost globular structure with homogenous dispersed precipitates, whereas den-
drite formation is quite obvious in continuous cast sample. The distribution of the
main elements Cu, Si, Mn, Mg, and Fe of the sprayed deposits was analyzed in axial
and radial direction. No gradient in radial and axial direction has been reported for
copper element [92].

The Osprey process has been applied to a wide range of alloys including
aluminum alloys and its composites, high temperature alloys such as high speed
steel, superalloys, and copper alloys [90-92].
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Fig. 2.38 Al4%Cu (a) continuous cast and (b) spray formed [92]

2.2.3 Liquidus or Low Superheat Casting

As described in Sect. 2.1.10, this process could be a potential source for the
thixocasting process. With low pouring temperature, the resulting microstructure
is usually fine and nondendritic. Partial remelting and isothermal holding of the
sample will generate globular structure suitable for thixoforming. This technique
has been reported for both cast and wrought aluminum alloys [2, 17].

Wang [68] performed experiments on AlSi7Mg0.35 billets prepared with dif-
ferent pouring temperatures. The produced billets were reheated to 580 °C by an
induction furnace and injected into a stepped die using a vertical injection squeeze
casting machine (plate 98 mm width, steps 20,15,and 10, and 5 mm thick and each
one 30 mm long, Fig. 2.39a). It was shown that the casting made from billets with
pouring temperature of 725 °C only filled half of the die cavity, the first two and half
steps. Also X-radiography revealed presence of numerous pores within the cast
piece. Lowering the pouring temperature of billets to 650 °C resulted in a signif-
icant improvement to the filling ability and the mold was filled completely except at
one top corner. The internal defects were also significantly reduced. A further
decrease in billet pouring temperature resulted in a completely filled casting and
no defects were observed on cast piece, Fig. 2.39c—e.

This technique could be used for industrial applications, but the major obstacles
may arise from difficulties related to the accuracy and uniformity of temperature
control, and consistency and uniformity of resulting microstructure in large-scale
production [17].
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Fig. 2.39 (a) Schematic of stepped die and (b) cast pieces from different pouring temperatures
(above) and their X-radiographs (below). Pouring temperatures are 725 °C (right), 650 °C
(middle), and 625 °C (left) (mold was preheated to 150 °C. Billets were isothermally held at
580 °C for 5 min prior to casting) [68]

2.2.4 Chemical Grain Refinement

Chemical grain refinement is a routine practice in batch and continuous casting of
aluminum alloys. This technique has also been considered for feedstock production
for thixocasting [93-96]. In this method, globular SSM slurries can be obtained by
simply reheating grain refined billets. Billets could be made or purchased from cast
houses or primary producers. It is claimed that in this technique, the morphology of
the primary a-Al particles is still globular or rosette-like, but the fraction of liquid
entrapped within the primary particles is significantly larger than EMS slurries [97].

In another study, it was shown that the grain refinement approach is more
flexible and cost-effective compared to the EMS technique [98]. It was stated that
the type of grain refiner is a critical parameter in the establishment of the final
microstructure and by using a new trade mark grain refiner, namely SiBloy (basi-
cally boron-based refiner), concluded that during reheating of refined billets, the
B-refined billets have four times less entrapped liquid compared to TiB,-refined
billets (Fig. 2.40). Authors confirmed this finding and the details will be discussed
later in Chap. 6.
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Fig. 2.40 A comparison of semi-solid structures of (a) B-refined billets and (b) TiB, grain refined
(reheat temperature: 585 °C) [98]

2.2.5 Thixomolding

Thixomolding is a similar process to plastic injection molding which was devel-
oped especially for magnesium alloys (Fig. 2.41). The raw material for the process
is neither liquid (as in rheocasting) nor solid billet (as in thixocasting), but rather
solid particulates in a form of pellets, chips, or granules with a typical size of
2-5 mm obtained by machining, atomization, or other comminution methods [99].
During processing, alloy particulates are fed into a heated barrel of the injection
molding system where they are partially melted, transformed into thixotropic
slurry, and finally injected into a mold cavity. Both the mechanically comminuted
chips and rapidly solidified granules possess unique microstructural features that
allow them to transform into thixotropic slurry under the sole influence of heat.
Thus, in contrast to rheomolding, no shear is necessary [100].

The core of the injection system is an Archimedean screw which performs both
rotary and translational movements. To prevent the highly reactive magnesium
feedstock from oxidation, an argon atmosphere is maintained within the machine
barrel [101]. There are several processing differences between injection molding
and diecasting. First, as opposed to furnace-environment melting in diecasting,
during injection molding the slurry preparation is more complex and is controlled
by temperature distribution along the barrel length and to lesser extent by the screw
rotation. Moreover, due to injection of semi-solid slurry instead of overheated melt,
there is a lower heat impact on the mold which can withstand higher number of
shots than tools used in diecasting. Injection speed during injection molding
depends additionally on the solid fraction and may be lower than that required in
diecasting.
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Fig. 241 The flow path () of magnesium alloy during thixomolding: 1—feeding system;
2—screw; 3—motor; 4—barrel along with heaters, 5—nozzle; and 6—mold. Feedstock transfor-
mation (a) comminuted chips; (b) initial stage of processing; (c) alloy from end screw; (d) alloy
from nozzle area; and (e) final product [99]

In addition to general benefits associated with semi-solid processing, there are
advantages unique to thixomolding, including environmental friendliness with no
SF¢ requirement, no melt loss due to closed processing system, an ability to
manufacture thinner parts with more complex shapes, and the capability to apply
advanced techniques of slurry distribution to the mold, including hot runners [99].
However, despite substantial progress made during last decades, the technology
still requires significant development, especially on the hardware side. While
magnesium exhibits high affinity to oxygen, at temperatures of semi-solid or liquid
states it is also highly corrosive toward materials it contacts, thus creating chal-
lenges on machinery components [102]. Due to processing nature of thixomolding,
these thermal and corrosive challenges are particularly difficult to overcome.
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Chapter 3
Solidification and Alloy Distribution During
SSM Processing

Abstract The process of semi-solid metal processing is also governed by
solidification principles. However, the mechanisms controlling nucleation and
growth of the primary phase and eutectic solidification are slightly different to
conventional mechanism due to forced convection. The process of melt stirring
influences alloy distribution and boundary layer characteristics. The mechanisms of
nucleation and growth along with morphological evolution during melt stirring are
discussed in this chapter.

3.1 Introduction

Solidification is governed by the nucleation and growth of the primary phase in an
alloy system. In practice, growth does not take place with complete mixing of solute
elements within the solidifying liquid. Therefore, the composition of liquid changes
continuously during solidification, and the last solidified liquid is usually richer in
solute than the first one. In other words, the resulting solid structure is chemically
inhomogeneous both in macro and micro-scales. This is called “segregation.” The
control of segregation in both micro and macro-scales is one of the most challeng-
ing tasks to improve the quality of as-cast products and their subsequent perfor-
mance in service.

During solidification of alloy systems having partition coefficient' less than
1 (k < 1), the solute atoms are rejected out of the solidifying liquid into the solid—
liquid interface to induce solute build up in the liquid adjacent to the solid.
Therefore, three distinct zones are notable within such solidification system:

» Heterogeneous solid, solute distribution is controlled by its concentration gra-
dient and heat flow

¢ Solid-liquid interface or boundary layer which is highly enriched due to the
solute rejection from the growing solid phase

* Bulk liquid where solute is expected to distribute uniformly due to the convec-
tion and diffusion.

!The ratio of solute concentration in the solid to liquid at the interface is defined as the “partition
coefficient or partition ratio.”
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The above-mentioned shortcomings due to the solidification could pose techno-
logical problems and reduce the likelihood of fabricating sound engineering parts.
Consequently, the selection of an appropriate casting route and parameters are of
great importance to mitigate such drawbacks.

In most SSM processes, induced fluid flow or in more general term “forced
convection” is an integral part of the process. The effect of fluid flow has been
widely studied on the micro- and macro-structure of solidified alloys independent
of the process specifications. These studies have been mostly concerned with
columnar-equiaxed transition and the process of macrosegregation. It is generally
believed that fluid flow induces remelting, fragmentation, and normally disrupts
dendritic solidification (e.g., [1-9]).

Apart from the aforementioned publications, there is not much research on the
morphological evolution associated with the forced convection in the context of
SSM processes. However, as will be discussed in the following sections, there are
three mechanisms proposed for structural evolution during SSM casting. These
include dendrite arm fragmentation, dendrite arm root remelting, and nucleation
controlled mechanisms [10—15]. In addition to the proposed mechanisms, a further
experimental-based discussion will be presented to specify how the microstructural
evolution could be characterized during SSM processing of engineering alloys with
emphasis on Al-Si casting alloys.

3.2 Solidification During Stirring

During an investigation on the hot tearing of alloys, it has been established that
solidification in the stirred condition produces nondendritic structure [16]. Spen-
cer et al. [16] measured the viscosity of Sn15%Pb alloy as a function of fraction
solid during continuous shearing of the alloy by using a rotational rheometer. The
results proved that while unstirred melts began to show strength around 0.2 fraction
solid (20 %), by stirring the resulted slurries continued to behave like a liquid
beyond 0.4 fraction solid (40 %) as seen in Fig. 3.1a. Joly and Mehrabian [17]
carrying out more detailed study on the rheology of the same alloy showed that the
viscosity is not only dependent on the fraction solid but also varies by cooling and
shearing rates (Fig. 3.1b). Their experiment confirmed that increasing the shear rate
induces morphological transition at shorter times and results in less liquid
entrapped within the primary particles. The higher viscosity values for slowly
stirred slurries were explained in terms of the buildup of clusters of solid particles
at low stirring speeds and lower viscosity was due to breaking up of these clusters
when the shear rate was increased.

The studies of Vogel et al. [18] on Al-Cu alloys showed that in the absence of
stirring, the alloy has conventional dendritic structure but transforms to rosette-like
particles when stirring is introduced using mechanical impeller. The rosette mor-
phology will further transform to spherical particles as the rotational speed is
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Fig. 3.1 Typical apparent viscosity versus fraction solid curve for Sn15%Pb alloy, cooled at
~0.33 °C min"'; (a) with a constant shear rate of 200 s~ [16], (b) sheared continuously at various
shear rates [17]

increased, Fig. 3.2. It was also observed that the maximum particle size decreases
by increasing the stirring speed (Fig. 3.2d).

Vogel et al. [18] studied the effect of stirring on the frequency of primary phase
nucleation, using Al20%Cu in two different stirred and unstirred quenched condi-
tions. They found the apparent increase in the number of primary particles between
the unstirred and stirred materials and the increased density of particles during stir
casting. In another test, the alloy was furnace cooled without stirring and quenched
1 min after the start of solidification (Fig. 3.3a). After structural examination, the
same alloy was remelted and solidified again by furnace cooling while stirred at
1000 rpm (Fig. 3.3b). Their results suggested that stirring did not cause significant
increase in primary nucleation during the first minute of solidification although
close examination of their micrographs, shown in Fig. 3.3, may suggest that there is
an increase in the number of primary particles with a reduced size confirming
stirring somewhat suppressing the growth but increasing nucleation. Such conclu-
sion appears appropriate considering that stirring reduces both thermal and com-
positional gradient enabling nucleation almost everywhere within the bulk liquid.
This concept is more elaborated later in this chapter, see Sect. 3.3.1.

Vogel et al. [18] have also proposed a model to account for both the initial
dendrite fragmentation and clustering reported by Joly-Mehrabian [17]. The model
was based on the dendrite deformation followed by fragmentation and remelting of
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Fig. 3.2 Al20%Cu stir cast at: (a) without stirring, (b) 750 rpm, (¢) 1000 rpm, and (d) particle size
as a function of stirrer speed for Al24%Cu (reproduced from [18]) (reprinted by permission of
Taylor & Francis Ltd)

Fig. 3.3 Al20%Cu slow cooled and quenched 1 min after start of solidification; (a) without
stirring, (b) same material stirred at 1000 RPM before quenching (x12) [18] (reprinted by
permission of Taylor & Francis Ltd)



3.2 Solidification During Stirring 53

diffusion boundary layer

Fig. 3.4 A schematic illustration of the effect of fluid flow on the boundary layer; (a) infinite
boundary layer under diffusive transport, (b) a finite boundary layer without interdendritic liquid
penetration under laminar flow, and (¢) extremely narrow boundary layer with interdendritic liquid
penetration under turbulent flow [15]

Fig. 3.5 Effect of fluid flow on the solidification morphology (arrow shows the direction of fluid
flow); (a) purely diffusive flow, (b) forced flow [15]

grain boundaries. Das et al. [15] with computer simulation have shown that the
growth morphology of dendrites is highly dependent on the nature of fluid flow as
shown in Fig. 3.4.

In a pure diffusive flow, i.e., absence of flow in the liquid, solute transfer takes
place by diffusion through approximately the entire volume of liquid, as if, there is
an infinite diffusion boundary layer and the resulted growth structure is purely
dendritic (Fig. 3.4a). At low and intermediate shear rates (Fig. 3.4b), the flow is
laminar with a finite boundary layer existing around the growing particle beyond
which the melt has homogeneity. It has been shown that the introduction of forced
convection causes destabilization of the solid/liquid interface and enhances den-
dritic growth from a fixed substrate [15]. Das et al.’s result [15] is in agreement with
the theoretical stability analysis of Vogel et al. [14] except that the model developed
by Das et al. [15] predicts destabilization only under laminar flow condition and for
solid particles growing from a substrate (Fig. 3.5).

Das et al. [15] have further suggested that lateral motion in the liquid prevents
the formation of any effective concentration gradient ahead of the growing solid/
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Fig. 3.6 Effect of rotation of an isolated particle in a forced liquid flow: (a) diffusive, (b) particle
rotation with atoms movement allowed over three lattice distance [15]

liquid interface due to the rejection of solute. If their suggestion is indeed the case
for laminar flow, then it is expected to have slow growth of the primary dendrites
due to very limited constitutional supercooling at the interface. On the other hand,
solute rejected within the interdendritic regions (lagging behind the growth front)
could not be transported away due to weak laminar flow and therefore the buildup
of enriched interdendritic boundary layer is expected to promote growth locally.
The slow growth of primary and faster growth of secondary and tertiary dendrites
eventually results in formation of bulky primary phase resembling that of rosette or
globular morphologies. This was predicted in their simulation to have rosette
growth under laminar flow. It was shown that isolated particles rotating in a laminar
flow periodically stabilize and destabilize promoting a coarsening effect to form
rosette morphology. Figure 3.6 shows the solidification structures formed under
rotation of particles in a laminar flow.

At high shear rate, the flow characteristics change to turbulence and liquid
penetrates into interdendritic regions (Fig. 3.4c). This would supply the solvent
into the interdendritic regions and the rejected solute is quickly transported away,
promoting compositional homogenization and discarding any possibility of consti-
tutional undercooling. By uniform distribution of solvent, perturbation at the
interface is not promoted and as a result, the solid grows more or less with a flat
solid/liquid interface. This theory could also explain why spherical particles are
normally observed from the initiation of solidification with a high shear rate.

Das et al. [15] obtained the growth data from the simulations of solidification for
diffusive, laminar, and turbulent flows and presented the total number of atoms
solidified as a function of time, see Fig. 3.7. The slope of the plot is an indication of
the average growth rate at any instance. It is evident that under pure turbulent flow
after an initial high growth rate, progressive growth retardation occurs as compared
to pure diffusive or laminar flow.
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In conclusion, intense shearing could homogenize the entire liquid and the whole
liquid is undercooled prior to solidification. Therefore, the chance of nuclei survival
is high throughout the volume of the melt and nucleation is expected to occur
instantaneously in the bulk liquid [15]. After an initial high growth rate during
turbulent flow (high shear rate), retarded growth rates result in formation of finer
primary particles during SSM processes at high shear rate.

3.2.1 Morphological Evolution During Melt Stirring

Several mechanisms have been proposed for structural evolution under forced
convection. These include dendrite arm fragmentation [10, 14, 18], dendrite arm
root remelting [1, 12, 19, 20], and nucleation controlled mechanisms [6, 13], which
further discussed in this section.

3.2.1.1 Dendrite Arm Fragmentation

The initial evidence of fragmentation is related to the work of Spencer et al. [16]
where shearing was employed after partial solidification. In this kind of fragmen-
tation, dendrite arms break off mechanically from the root due to the shear forces.
Vogel and Cantor [14] developed a model to investigate the effects of stirring on the
solidification of a particle from the melt under influence of thermal or solute flow.
Numerical analysis verified that stirring destabilizes the solidifying interface and
leads to a decrease in the critical radius for relative stability. Doherty and Vogel
[10, 18] have proposed a dendrite arm fragmentation mechanism for grain multi-
plication, as schematically presented in Fig. 3.8 [10]. It was suggested that dendrite
arms bend plastically under the shear force created by melt stirring. Plastic bending
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introduces large misorientations into the dendrite arms in the form of “geometri-
cally necessary dislocations.” Such dislocations if randomly distributed will have a
high elastic energy which can be reduced by dislocations migration to form grain
boundary. Grain boundaries with misorientations greater than about 20° have an
energy that is significantly greater than twice the solid/liquid interfacial energy
(Yeb > 27q in which y,, and yg are grain boundary and solid-liquid interphase
boundary energies, respectively). If such high energy boundaries are formed then
7eb dictates that the grain boundary will be replaced by a thin layer of liquid and
thus the dendrite will break apart along the prior boundary [10].

The authors verified the aforementioned concept in the electromagnetically
stirred Al7%Si alloy [21]. Electron backscatter diffraction (EBSD) analysis of the
stirred and unstirred cast billets has shown that stirring generates more local
misorientation within individual solid particles. This is an indication of plastic
deformation during the course of SSM slurry preparation and it plays a key role
on thixocasting where the reheating time is strongly dependent on the type and
quantity of grain boundaries (see Sect. 5.4.1 for further information).

3.2.1.2 Dendrite Arm Root Remelting

Jackson et al. [19] by solidifying cyclohexanol and addition of fluorescein as
impurity reached to the conclusion that dendrites in an alloy differ from those in
a pure material. In a relatively pure material, the diameters of main stem and its
branches are similar while with increasing impurity level, the radius of dendrite tips
becomes much smaller than the width of the main stem. Figure 3.9a shows large
branches attached by narrow necks to the stem. It was revealed that by holding
the sample at a constant temperature and taking photo at a time interval, many of the
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Fig. 3.9 Dendrites in cyclohexanol with addition of fluorescein, x 150; (a) just after dendrites
grew, (b) 20 min after growing [19]
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Fig. 3.10 (a) Schematic representation of dendrite arm remelting on a binary phase diagram
(fraction solid given by lever rule: a/b), (b) root remelting mechanism [22]

secondary and tertiary branches have become detached. This detachment was
claimed to be due to remelting of dendrites which has occurred either by
recalescence of whole system or by local recalescence due to fluctuation caused
by convective mixing or stirring (recalescence was defined as variation in growth
rate). It was also reported that secondary or tertiary dendrite arms can detach from
their root due to solute enrichment and thermo-solutal convection during solidifi-
cation [1, 12]. Dendrite root remelting was schematically presented by Campanella
et al. [22]. By a simple binary diagram, it was shown that local remelting can be
achieved by two different mechanisms (Fig. 3.10a). Fraction of solid decreases if
the temperature raises (path 1) or the average concentration (path 2) increases. The
first assumption corresponds to fluid flow entering the mushy zone from the bulk
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liquid which is hotter. The second one is the liquid flows out of the mush into the
bulk liquid which is enriched in solute due to the segregation in the direction of the
dendrite tips growth. Since thermal flow is much faster than solutal diffusion,
reheating is the predominant fragmentation mechanism (Fig. 3.10b).
Simultaneously with detachment of secondary and tertiary branches, dendrite
arm coarsening could also take place. Dendrite arm coarsening is a surface tension-
driven phenomenon, which has been shown to take either of two forms [20];

¢ Melting back of smaller dendrite arms which deposit onto larger arms, leading to
an overall reduction in the number of dendrite arms present. This results to an
increase in secondary dendrite arm spacing (named ripening)

» Agglomeration of secondary dendrite arms due to material depositing preferen-
tially at regions of strong negative curvature along the solid/liquid interface,
leading to the coalescence of several dendrite arms into large entities (named
coalescence)

The driving force is reduction of total solid—liquid interface area, i.e., reduction
in interfacial energy.

To explain the crystal multiplication, Hellawell [12] suggested that the refine-
ment of the microstructures in stir cast processes may be caused by temperature
fluctuation rather than by purely mechanical interactions. He stated that close to the
melting point, the solid is entirely ductile and dendrites can be bent elastically or
plastically depending on the stirring intensity but not fractured and therefore the
detachment of the side arms supposed to be a local remelting phenomenon.

Using synchrotron fast X-ray microtomography, an experimental setup was
developed by Limodin et al. [23] and microstructural evolution of an Al10%Cu
alloy was studied at a constant cooling rate of 3 K min~'. 3D observations of
dendrites have generated further insight on dendrites morphological evolution
during solidification, Fig. 3.11. On the left-hand side of the dendrite in Fig. 3.11,
the roots between adjacent arms (1-5) progressively filled with solid and the tips of
the adjacent arms grow until they touch and join each other. This could be the result
of coalescence mechanism as depicted by Chen et al. [24] and Mortensen [20] for
coarsening during isothermal holding. Another phenomenon is dissolution of arms
10, 12, and 15 from the tip toward the roots to the benefit of larger adjacent arms,
i.e., remelting mechanism.

3.2.1.3 Nucleation-Controlled Mechanism

This is the “big-bang” or copious nucleation mechanism [6] where fine crystallites
originated at the mold surface, the chill zone, detach and float or carried away by
convection currents to the center of the casting to act as nucleation sites upon
solidification. In another way, during the continuous cooling under forced convec-
tion, heterogeneous nucleation takes place simultaneously throughout the bulk
liquid.
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Fig. 3.11 In situ synchrotron X-ray microtomography of a dendrite with solidification time,
Al10%Cu [23]

A continuous nucleation might take place in the absence of a distinct
recalescence. The vigorous stirring prevents the establishment of stable diffusion
fields necessary for dendrites evolution. Also multiple nucleations exist due to
periodic passage through different temperature zones. Eventually, smooth rounded
shapes are expected out of solidification.

Microscopic observation by Jackson et al. [19] showed that fluctuation in the
growth rate of dendrites creates many isolated crystals of solid in the melt by
remelting dendrite arms and as a result of convection there is a large number of
fresh nuclei in the liquid. It was also claimed elsewhere [13] that comparing to
conventional solidification, the actual nucleation rate may not increase but all the
nuclei formed survive due to the uniform temperature field resulting in an increased
effective nucleation event. In addition, the intensive mixing action should disperse
the clusters of potential nucleation agents, giving rise to an increased number of
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potential nucleation sites. However, it seems that laminar flow is less effective for
homogenizing the temperature and composition and for dispersing the potential
nucleation agents.

The following sections highlights the experimental approach in characterizing
the effect of stirring on the solute redistribution and solidification pattern of 356 Al-
Si alloy in the context of process specification. Attempts have been made to propose
hypotheses to further clarify structural evolution for SSM processes.

3.3 Experimental Approach to Study Solidification
and Alloy Distribution During SSM Casting

In order to study the stirring effect, it is necessary to carry out the tests at both
stirred and unstirred conditions. For the stirring purpose, SEED process (see
Chap. 2 for more details) was employed and the stirring speed was set at different
angular velocities (1.5-2.5 Hz) to obtain the semi-solid structure of Al-Si alloy,
Table 3.1 (pouring temperature of 645 °C). The nonspun, nondrained slugs are
hereafter referred as the “conventional casting” and the nonspun, drained slugs are
called the “semiconventional casting.” Variation of the chemical composition was
checked by point analysis which performed across primary a-Al particles using
electron microprobe analysis in conjunction with wavelength dispersive spectros-
copy (WDS) using JEOL JXA8900L electron microprobe. Calibration was carried
out with different natural and synthetic standard compounds of Al, Si, Mg, and
Ti. After calibration, the standards were analyzed as unknowns and the experiments
were started when the results of calibration were 100 & 1 %. The optimum operat-
ing conditions, which obtained after preliminary trials, were 10 kV acceleration
voltage, 20 nA beam current, 1 pm beam probe size, and 20 s counting time on the
peaks. For the best quantitative results, analyses were carried out on the polished
and unetched metallographic samples to increase the precision of the quantitative
analytical results. For better conductivity, all the samples were coated with a thin
layer of carbon. WDS analyses were done on the similar size primary a-Al globules
with a ~100 pm circular diameter. The starting and finishing points of each line scan
were set in the eutectic region and therefore with passing the beam through o-Al
particles, sudden changes in chemical composition could be observed [25].

Table 3.1 Chemical analysis of 356 melts (wt%)

Pouring Quenched
Sample |Process |Temp (°C) | Temp (°C) [Si% |[Mg% |Fe% |Mn% |Ti% Al
Al Conv. 645 594 7.14 10.38 |0.04 |0.0027 |0.0057 |Bal.
A2 SEED 7.18 [0.39 |0.04 |0.0028 |0.0058 |Bal.
B1 SEED 593 69 1032 |0.08 |0.001 |0.124 |Bal.
B2 Semi 691 |0.32 |0.08 |0.001 0.124 | Bal.
Conv.
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3.3.1 Solidification During Stirring
3.3.1.1 Stir-Cast Nucleation

The nucleation (heterogeneous) which is the active mechanism to initiate primary
a-Al usually takes place on foreign particles such as refiner, inclusions, oxides, and
especially mold wall where the molten alloy was poured onto the mold wall to
reduce turbulence. Due to effective stirring, the columnar dendrites growing off the
mold surface are expected to fragment and the broken pieces are transported into
the bulk liquid as a result of forced convection. The detachments of dendrites arms
could also occur by dendrite arm root remelting mechanism [1, 12, 20] due to solute
enrichment and thermal—solutal convection.

With considering heterogeneous nucleation, it is important to consider the size
of nuclei and boundary layer. According to hypothesis of Hellawell [12], the critical
size of nucleus will be far below the thickness of boundary layer around the moving
particles. With stirring, these particles will be swept away with their small
boundary layers and these nuclei alter the recalescence during solidification and it
causes continuous fluctuations in the local temperature as suggested in Fig. 3.12a.
Figure 3.12b shows typical cooling curves for samples cast with and without
stirring which appears to support the aforementioned hypothesis. As shown, the
assumption of Hellawell based on continuous nucleation appears to be correct. The
authors just want to add that in the stirred sample, nucleation of primary particles is
not only continuous, but also with stirring nucleation temperature shifts up. As
indicated by arrows, forced convection increases the nucleation temperature by
more than 6 °C. This value in the case of alloy distribution is quite important since
by increasing the solidification commencement temperature, the liquidus curve is
also moved up which could lead to a different composition as will be described
later. It is interesting that there is no registered recalescence exists which is believed
to be associated with improved heat transfer with agitation. Therefore, a longer
nucleation event could mean more nuclei forming within a definite time, i.e.,
copious nucleation, resulting in a refined structure.

As a proof for better heat transfer, typical cooling curves of stirred and unstirred
samples are shown in Fig. 3.13. For the exact same condition, by stitring, total
solidification time decreases which is associated to the better contact between the
mold and molten metal with less air gap and thus better heat transfer and higher
cooling rate plus thermal homogenization through the bulk of liquid.

Microscopic observation by Jackson et al. [19] showed that fluctuation in the
growth rate of dendrites creates many isolated primary particles within the melt and
therefore a large number of nuclei exists in the liquid due to convective mixing or
stirring. Also the concept of more continuous nucleation was suggested by Fan [13]
as another nondendritic solidification mechanism named “growth controlled mech-
anism.” It was stated that in comparison to the conventional solidification, the
actual nucleation rate may not be increased; however, the majority of nuclei
would survive due to the uniform temperature field leading to an increased effective
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Fig. 3.12 (a) Schematic cooling curve expected for stirred and unstirred melt [12], (b) typical
experimental results from continuous stirring, poured at 690 °C (arrows showing nucleation
temperatures in both cases) [25]

nucleation rate. In addition, in the case of intensive mixing, the clusters of potential
nucleation agents are dispersed, providing an increased number of potential nucle-
ation sites.

3.3.1.2 Stir-Cast Growth

In the case of natural convection (unstirred melt), the solute distribution in the
liquid is determined only by diffusion field and nucleation sites grow dendritically
via columnar or equiaxed morphology. However, this is not the case for stirred
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Fig. 3.13 Cooling curves comparison of unstirred and stirred samples

Fig. 3.14 Schematic of
different thickness of
boundary layer: (a)
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melts [25]

melt. In the presence of forced convection, solute distribution is more uniform. By
stirring, the thickness of the stagnant boundary layer which exists around the
primary particles is decreased due to thermal—solutal homogenization (Fig. 3.14)
and directional heat flow is no longer dominant. The columnar growth of the grains
gradually fades away and the growth morphology becomes smoother and more
equiaxed. Beyond the boundary layer, the solute concentration is only governed by
the convection field. Furthermore, vigorous agitation causes warmer liquid to shave
off the tip of columnar dendrites to promote the formation of equiaxed structure in
the stir cast parts. The so-called globule particles will eventually form with further
stirring. Furthermore, due to vigorous agitation, no stable diffusion field can be
formed and therefore growth would be sluggish in all directions, i.e., rounded
refined structure.

According to Griffiths et al. [26], electromagnetic stirring promotes the colum-
nar to equiaxed transition by increasing bulk liquid velocity as well as by increasing
the silicon content of the Al-Si alloy. With increasing the bulk liquid velocity, the
number of fragments produced by the interaction of the bulk liquid with the
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solidification front will increase. On the other hand, by rapid superheat removal due
to the stirring, the broken dendrites are more stable with greater chance of survival
and growth. The graph in Fig. 3.15 shows the percentage of the equiaxed regions for
all the ingots cast with different currents. For example, in a series of experiments on
Al8.5%Si, it has been shown that in the solidified ingot without stirring, the
equiaxed region covered 31 % of the area while with EMS application, the equiaxed
region increased to 88 % with a maximum current 5A. Also a decrease in the size of
equiaxed grains was reported [25].

3.3.2 Alloy Distribution

Figures 3.16a and 3.17a are secondary electron images of a-Al particles after the
microprobe ablations. The arrows show the scan direction and the dots are the beam
affected zones. The point analysis was taken at about 5-10 pm intervals depending
on the line length. Figures 3.16b and 3.17b show typical line scan results for
samples having different titanium levels, and without/with stirring, respectively
(of note that an individual particle was selected for microprobe analysis based on
the polarized light microscopy).
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Fig. 3.16 A356 without Ti, nonstirred condition; (a) secondary electron image (SE), and (b)
microprobe results for point scans in the direction shown by arrow (sample Al) [25]

The grain or globule boundaries could be easily detected by decreasing or
increasing the alloying elements. The changes in aluminum concentration depend
on the point where the analysis is taken and reduces whenever the probe passes
across silicon flakes. The magnitude of reduction in aluminum concentration
depends on whether the electron beam strikes exactly the silicon or a part of
it. This is also the case for silicon percentage. For magnesium, the curve fluctuates
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Fig. 3.17 Alloy 356 stirred; (a) secondary electron image (SE), and (b) microprobe results for
point scans in the direction shown by arrow (sample B1) [25]

the same way as aluminum or silicon. The line scans for Mg are similar to the Si
with higher values in the eutectic region. In the case of Ti, the reversed trend is
observed. As depicted in Fig. 3.17b, a peak of Ti surrounded by areas of Ti
depletion. The results of Ti are similar to those observed by Easton and Setiukov
et al. [27, 28].
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Fig. 3.18 Schematic representation of the binary diagrams for (a) Al-Si and (b) Al-Ti systems
together with chemical compositional variation in a primary a-Al particle, assuming complete
diffusion and mixing in the liquid [29]

The reason for decreasing of silicon, magnesium, or iron from the edge toward
the center of a-Al cells is contributed to the solubility of these elements in a-Al as
shown by the phase diagram of Al-Si alloy as a representative in Fig. 3.18a.
According to the binary phase diagram, the first solid solution primary phase
formed just below the liquidus is purer than the subsequent solid layers. In other
words, the solubility of alloying elements in the primary a-Al particles increases
with lowering the temperature as for instance for silicon, it reaches 1.65 wt% at
eutectic temperature, Fig. 3.18a. For Ti, the case is different, where the first solid,
center of the a-Al cell, is richer than the subsequent solid which is attributed to the
following reasons:

» the peritectic reaction having partition coefficient k> 1, which means lower
titanium content with decreasing the temperature and thus more titanium in the
center of the particle as the first formed solid.

» Ti capability in generating nucleation sites for the primary a-Al particles due to
the formation of Al3Ti or TiB, compounds as described elsewhere (Fig. 3.18b),
see Chap. 6.
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b ) Distance

Fig. 3.19 (a) Schematic of an a-Al particle to show the nucleus and the variation of Ti in the
polished surface, (b) typical optical micrographs to show nuclei locations (arrows show the
nucleation points) [25]

It is also noticeable that the maximum Ti concentration may not be exactly at the
center of a-Al globules. Such shifting of concentration peak to the left or right is
attributed to the angle of sectioning of the sample and therefore detecting a
centrally located particle is typically a fortuitous incident. In order to identify
segregation, samples were etched by a KMnO,, and NaOH and color were
enhanced by using polarized light plus a sensitive tint filter. Figure 3.19a shows
the more likely expected shape of primary a-Al particle which indicating nucleus
forming on the right side of the particle. Figure 3.19b shows micrographs of actual
segregations in the as-cast SSM billet. As it is evident, solidified layers are around
the nuclei which are located almost anywhere within the primary o-Al cells.

Figures 3.20 and 3.21 show the silicon distribution for two alloys with different
silicon concentrations and stirring speeds where the stirred alloy is compared with
the unstirred one (silicon was chosen due to its higher solubility limit and hence
better distinction in the solubility lines). As a reminder, in binary Al-Si phase
diagram, the maximum solubility limit of Si in the primary a-Al is 1.65 % at the
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Fig. 3.20 Microprobe results showing the differences in Si distribution between stirred and
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Fig. 3.21 Microprobe results show the differences in Si distribution between stirred and unstirred
samples (samples B1 and B2) [25]

eutectic temperature. However, the maximum solubility limit may vary depending
on the alloying elements and cooling rate, i.e., ternary or multi alloying systems
may have lower solubility limit for Si.

Solute buildup is the nature of alloy systems. Atoms of solutes build up a
boundary layer which has a different composition from both solid and liquid.
According to the binary phase diagrams with partition coefficient k£ < 1, the first
solid is always purer than the liquid and solute is rejected into the liquid. With
decreasing the temperature, the next layer of solid will be slightly richer in solute
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than the previous layer. As this sequence proceeds, the liquid becomes progres-
sively richer in solute and solidification takes place at progressively lower temper-
ature. However, since there is almost no diffusion in the solid, the separate layers of
solid retain their original compositions. Thus, the mean composition of the solid is
always lower than the composition at the solid/liquid interface. This is what one can
see from Figs. 3.20 and 3.21. These figures show the percentage of Si in the a-Al
particles and it is quite clear that the first solid, center of Al cell, is always purer
than the others. Furthermore, the Si concentration at any point across the primary
a-Al particle varies with and without stirring. It is quite important to note that all
line scans were collected for specimens poured and quenched at same temperatures
and had almost similar silicon content.

In order to better clarify the effect of stirring during solidification, the issue is
discussed under two separate headings of nucleation and growth which provide
better understanding and comprehension of the topic.

3.3.2.1 Variation of Chemical Composition Due to Stirring

Nucleation in stir cast solidification starts at higher temperature compared to the
conventional unstirred samples (Fig. 3.12). Thus, according to the phase diagram,
the first solid to form is more depleted in solute, e.g., with less silicon concentration.
This is obvious through Figs. 3.20 and 3.21 showing less silicon concentration in
stirred samples. If the phase diagram does not shift the same way as the nucleation
temperature, then such conclusion is correct. Since, the solidus and liquidus lines
movement are not clear, the concept is described in term of fluid flow and boundary
layer concentration. As discussed, the applied convection removes solute concen-
tration at the solidification front and thus the next solid to form is not as rich as
expected from phase diagram or the unstirred alloy.

From the growth standpoint, these nuclei grow in spherical manners due to
unstable thinner boundary layers and also effect of “shaving-off” action of the
flow. This thinner boundary layer therefore provides less growth (primary phase
can grow within the extent of boundary layer) comparing to conventional method.
Figure 3.22 shows a schematic representation of solute distribution in boundary
layer due to the stirring. The boundary layer thickness decreases due to the stirring
and thus the degree of constitutional undercooling is also decreased. Also with
purer nucleation sites due to the stirring, the bulk liquid becomes more and more
saturated in alloying elements and thus a new composition forms for bulk liquid,
named “C’.” Martorano et al. [30] suggested a new mechanism for the columnar to
equiaxed transition and they have shown that the columnar as well as the equiaxed
dendritic growth will stop if the solute rejection by the equiaxed grains ahead of the
columnar front is sufficiently large. As a result, more accumulation of solute in the
remaining liquid could be considered as the reason for the obstruction of further
growth according to the solutal blocking theory [30]. On the other hand, the liquid
has more alloying elements and as a result the remaining liquid has lower liquidus
temperature. This lower temperature plus thinner boundary layer causes smaller
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Fig. 3.22 Schematic of solute distribution in solid/liquid interface [25]

constitutional undercooling and therefore the growth is hindered due to lack of
undercooling.

In another study by Fan and coworkers [15], it was reported that the growth
concept in the stirred alloys is not the same as those mentioned in the past, for
example, Vogel and Cantor [14]. Using Monte-Carlo based simulation, they
showed that growth enhancement occurs under pure laminar flow, but when the
flow becomes pure turbulent, there is progressive growth retardation occurring as
compared to pure diffusive flow (Fig. 3.7). In contrast to laminar flow that has
greater growth probability, for turbulent flow the growth rate is initially high due to
the faster transport of solvent atoms but gradually retards with the progress of
solidification [15].

3.3.3 Particle Size Alteration During Stirring

In semi-solid casting of hypoeutectic Al-Si alloys, the morphology and size of the
eutectic silicon are important parameters affecting the mechanical properties of the
as-cast products. In addition, the chemistry of the billet with respect to impurities
and alloying elements such as Fe, Mn, Cu, Zn, Mg, and Ti may result in some
complications in the microstructure due to the formation of intermetallic phases.
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For instance, iron is one of the most common and perhaps the most significant
alloying or impurity elements in Al-Si alloys; either added intentionally to mitigate
certain characteristics such as soldering or die sticking or otherwise as an unwanted
impurity. The Fe addition imparts two distinct features; on one hand, it forms
different intermetallics together with Al and Si, with most of them regarded
considerably harmful to the mechanical properties of the finished product and on
the other hand, it reduces the interaction of molten aluminum alloys with permanent
molds, i.e., soldering or die sticking, due to the formation of a thin layer of
intermetallics at the interface between the die and the castings during solidification
[31-33].

In the SSM processing, impurities and alloying elements are rejected into the
liquid and solidify under shear forces and rapid cooling. Therefore, it is of technical
and technological importance to study the possible microstructural changes, par-
ticularly evolution of silicon and iron-intermetallic phases and those of the other
intermetallics phases, and their possible effects on the mechanical properties of the
as-cast products. In this section, attempts are made to show that stirring not only
produces a globular structure, but also alters the size of the eutectic silicon flakes
and iron intermetallic needles.

3.3.3.1 Effects of Superheat and Stirring on the Eutectic Silicon
and Iron Intermetallic Phases, EMS

Sand Mold

The selected optical micrographs of the as-cast conventional and EMS processed
alloys are shown in Fig. 3.23. The micrographs signify that: (a) the Fe intermetallics
in the both cases are p-type with platelet morphology, and (b) the eutectic silicon
has coarse flake morphology due to the slow solidification rate of the alloy in the

Fig. 3.23 Optical micrographs showing the effect of; (a) conventional process and (b) EMS
process on the formation of p-Fe compound for Al7Si0.8Fe (Sand mold, 690 °C) (arrows show
couple of iron intermetallics)
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Fig. 3.24 Image analysis parameter for sand casting, eutectic silicon: (a) average circular
diameter, (b) number density, (c¢) average length and width, and (d) percentage of particles
having length and width less than 20 and 10 pm, respectively [34]

sand mold. The electromagnetic stirring not only leads to the formation of globular
primary a-Al phase but also refines the iron and the eutectic silicon phases.”

Quantitative metallographic results for eutectic silicon are shown in
Fig. 3.24 and summarized below (quantitative metallography will be explained in
Sect. 4.3.2) [34];

» Average silicon equivalent circular area diameter increases with increasing the
pouring temperature (Fig. 3.24a). This is more evident in the conventional
castings. Higher pouring temperatures deactivate (remelt) most of the a-Al
nucleation sites and thus promoting the formation of larger columnar dendrites.
The mass of the remaining liquid to undergo eutectic transformation is distrib-
uted among smaller number of primary dendrites giving larger individual liquid

2One of the most complicated issues in image analysis is thresholding between iron intermetallics
and other phases especially eutectic silicon since both have approximately the same gray level. For
this case, a special routine was written for exactly finding the color difference, eliminating small
debris remaining from polishing, and finally doing the analysis.
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pools across the billet. The larger individual pools coupled with lower number of
localized heat sinks due to lower number of primary «-Al phase should encour-
age slow and prolonged growth of eutectic constituents such as Si to render
coarse flakes. Generally, the average silicon diameter decreases by stirring. Of
note that diameter of a circle having the same area as the Si particle is calculated

by the image analysis software, i.e., 2/area/x, with the assumption that the
examined object shape is close to a circle. As a result, the error is increased as the
particle is more lamellar/rectangular. The smaller error bars for stirred samples
may suggest the particles geometry is changing from rectangular flakes to more
equiaxed flakes.

Number density (number of silicon particles per unit area) increases with
reducing the pouring temperature in conventional casting (Fig. 3.24b). The
vigorous agitation also increases the number of the eutectic silicon in the
structure. This is attributed to the smaller eutectic pools and thermal and solutal
homogenization of the remaining bulk liquid.

Increasing the pouring temperatures both with/without EMS increases the aver-
age length of silicon particles (Fig. 3.24c). The difference in length of Si
particles between conventional and EMS treated alloys is more significant at
lower pouring temperatures. For example, the difference is 31 % reduction due
to stirring at 630 °C compared to 16 % at 690 °C.

EMS decreases the average length and width of silicon particles, but this effect is
more significant for length than width due to the nature of the flake morphology.
Since the average length and width of the particles may not be so sensitive to
show the changes due to stirring and pouring temperature, the percentage of
particles with length less than 20 pm and width less than 10 pm are presented in
Fig. 3.24d. The percentage of smaller particles increased for the stirred alloy and
such rise is greater at lower pouring temperature.

The modification of Si particles achieved by stirring is of great importance as

porosity is not an issue in contrast to the modification of Si by Sr addition, which is
usually accompanied by increasing in porosity content (detrimental to mechanical
properties). The refinement of eutectic silicon flakes and Fe-intermetallics by EMS
could lead to the utilization of the presently undesirable high Fe content aluminum
alloys in producing high integrity cast components.

The results for iron intermetallics are shown in Fig. 3.25 and summarized later

[34]; (in the present work, the casting conditions such as superheat, cooling rate,
iron level, and alloying elements were in the range that prevent the formation of
a-iron or the Chinese script morphology [35]);

In conventional casting, the average number density of iron particles is almost
the same for various pouring temperatures but increases due to the stirring in all
the pouring conditions. The greatest rise however belongs to the lowest pouring
temperature (Fig. 3.25a).

The percentage of the Fe-based particles having aspect ratio greater than
10 increased with increasing the pouring temperature (Fig. 3.25b). This is due
to the larger a-Al grains and thus greater space for growing f-platelets. The entire
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Fig. 3.25 Image analysis parameter for sand casting, iron intermetallics: (a) number density, (b)

percentage of particles having an aspect ratio greater than 10, (¢) average length and width, and (d)
A/P ratio [34]

stirring results show approximately the same values since stirring diminishes the
outcomes from superheat. This graph confirms the results of number density.
With stirring, the average particle size of iron intermetallics decreased
(Fig. 3.25c). The average size mainly referred to the length of the needles
since the width is so small and any changes in the width are insignificant to
overall particle size. As it was mentioned before, thin platelet morphology of the
particles causes less difference in the width values. As the last parameter, A/P
decreased with stirring and hence particles become smaller.

Copper Mold

The selected micrographs of the samples cast in copper mold are presented in
Fig. 3.26. Compared to sand casting (Fig. 3.23), the p-iron intermetallics and silicon

flakes have been refined and are thinner and smaller. This makes image analysis of

the resulting structure more complicated. Therefore, all the analyses for iron and
silicon flakes were performed at ~x500 magnification. For eutectic silicon, the
results are summarized later (Fig. 3.27) [34];
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Fig. 3.26 Optical micrographs showing the effect of: (a) conventional and (b) EMS casting on the
formation of f-Fe compound for Al-7%Si—0.8%Fe (copper mold, 690 °C) (arrows show some of
the iron intermetallics)
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Fig. 3.27 Image analysis of the eutectic silicon for the copper mold casting: (a) average circular
diameter, (b) number density, (c) average length and width, and (d) percentage of length and width
less than 10 and 5 pm, respectively [34]
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¢ Average circular diameters in all cases were almost the same. This is coming
from the fact that cooling rate is the dominant parameter affecting the size.

¢ Number density for alloys poured at lower superheat exhibits a contradictory
trend to that of sand casting—Fig. 3.24, where stirring reduces the number of
silicon particles and at best, 690 °C, there is no difference between stirred and
unstirred conditions. However, it is quite important to note that number density
of silicon particles increased remarkably comparing to sand casting. Such
finding may be superficial due to the limited resolving power of light microscopy
where agglomerated silicon particles, due to stirring, have been counted as one.
Such hypothesis may be corroborated by close examination of the optical
micrographs in Fig. 3.23, where there is a distinct reduction in the silicon size.
As mentioned before, it is the authors’ belief that in contrast to sand mold billets,
the influence of low pouring temperature in copper mold is overshadowed by the
faster cooling rate.

¢ Results from length and width also have the same trend and high cooling rate
overshadows any effect of electromagnetic stirring. The final conclusion is that
the difference between the stirred and unstirred conditions is not significant and
cooling rate diminishes the effect of stirring.

The results of the iron addition to the alloy with/without EMS are shown in
Fig. 3.28. Cooling rate plays a critical role on the nucleation and formation of
different Fe intermetallic phases and hence different cooling rates stabilize different
morphologies. In the absence of manganese, the iron compounds crystallize only as
B-phase as the stable phase at conventional cooling rates.

It is well proven that with increasing the cooling rate, the average length of
B-AlFeSi platelets and also its crystallization temperature decrease exponentially
with cooling rate and at the critical cooling rate of ~20 °Cs ™', the morphology also
changes to the Chinese script or a-AlFeSi phase [36]. The effect of decreasing the
size of B-AlFeSi intermetallics is obvious in Fig. 3.26. The image analysis results
also confirm and support this concept. The general trend is the same as the sand
mold billets with small differences due to the higher cooling rate. In fact, the effect
of EMS on iron morphology was masked by faster cooling of the water-cooled
copper mold.

In conclusion, stirring leads to earlier nucleation of primary particles and
reduces the entire solidification time. It further causes the disintegration of den-
drites branches. The agitation prevents the formation of stable diffusion fields
around solid particles and without a stable diffusion field, growth is interrupted
and the fragmented dendrite branches transform to rounded globules without much
growth. It was also shown stirring changes the alloy content of the primary a-Al
particles and especially reducing the silicon concentration of the primary particles
and resulting in the formation of a more enriched eutectic. The forced convection
due to stirring is beneficial by inducing homogenous composition, refining primary
particles phase, refining silicon and intermetallic particles and therefore improving
mechanical properties of the alloy.
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Fig. 3.28 Image analysis parameter for copper mold casting, iron intermetallics: (a) number
density, (b) percentage of particles with aspect ratio >10, (¢) average length and width, and (d)
A/P ratio [34]
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Chapter 4
Methodology of SSM Characterization

Abstract The microstructure of the SSM alloy billets plays an important role
during fabrication of finished engineering component and its performance in
service. As a result, it is critically important to characterize the microstructure to
ensure high-quality feed stock. This chapter provides a detailed account of the
characterization techniques available to SSM researcher to confidently examine the
quality of as-cast billets through thermal analysis, rheological characterization, and
quantitative metallography.

Conventional solidification of hypoeutectic Al-Si foundry alloys takes place with
dendritic formation of primary a-Al phase within the liquid. The alloy composition,
temperature gradient within the melt, thermo-fluid convection, and rate of heat
extraction and the resulting constitutional supercooling are the most effective
parameters on the morphology of the primary a-Al phase. Variation of any of
these factors during solidification would alter the as-cast structure. For instance,
introduction of agitation (forced convection) into the solidifying melt changes the
distribution of alloying elements and localized chemical composition, could
remove constitutional supercooling, and promote dendrite-to-equiaxed transition,
i.e., break down and globularization of the a-Al phase. Degeneration of the a-Al
phase results in some opportunities which are of interest from commercial
viewpoints.

The advantages of the SSM processing along with different available technolo-
gies as discussed in Chap. 2 are enormous. However, the lack of industrial interest
in the 80s and 90s stemmed mainly from the high cost of billet preparation, the issue
of recycling the returned and scraped parts, and to some extent the lack of proper
characterization of the both semifinished billets and finished engineering compo-
nents. Recently, the cost issue is resolved by introducing novel cost-effective
rheocasting techniques and development of new alloying systems.

In order to generate a semi-solid structure, the alloy system plays the key role
where the coexistence of liquid and solid within a temperature range is the prereq-
uisite for the slurry preparation. The mechanics and mechanisms of the primary
particles’ evolution, dendrite to equiaxed transformation, is the next concern since
the formation of globular morphology is expected to enhance die filling and
improve mechanical properties of as-cast parts. The ideal microstructure for SSM
slurry is fine spherical solid particles uniformly distributed within a liquid matrix.

© Springer International Publishing Switzerland 2016 81
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The solid fraction should be considered carefully, since low fraction solid may lead
to SSM slurry handling and mold filling difficulties due to insufficient viscosity and
turbulence while high fraction solid adversely affects the die filling and requires
more powerful machinery and thus increase the cost of manufacturing.

Based on the aforesaid requirements, characterization of semi-solid material is a
necessity to confirm, modify, and obtain optimum structure for SSM-shaped com-
ponents. This knowledge not only provides an idea about the material, but also
leads to better understanding of rheological behavior and eventually improve the
mechanical properties of cast pieces.

The term “characterization” covers a wide range of thermal, mechanical, and
microstructural analytical techniques used to evaluate physical, mechanical, and
metallurgical parameters of SSM billets and finished products. The SSM billets are
often required to be examined for their solidification pattern, rheological behavior,
and microstructure. The outcome of such studies helps in understanding / predicting
the fluid flow and die-filling behavior of the SSM billets along with the possible
mechanical and load-bearing characteristics of finished product.

The following sections provide an account of thermal (solidification), rheolog-
ical, and structural methods available to characterize SSM products. In addition, the
experimental procedures employed to prepare samples for characterization of SSM
billets are also explained.

4.1 Solidification Characterization

The quality of finished product is tied up with the quality of feedstock (billets). The
integrity of the billets, however, is dependent on the SSM processing parameters
and these parameters are interpreted in terms of solidification condition. The
cooling curve is the fingerprint of an alloy solidification behavior as it provides
information on nucleation and growth of phases form during liquid to solid trans-
formation. The following explains how the solidification behavior of the billets
should be monitored and characterized.

Following the preparation of molten alloy in a resistance heating furnace,
melting of Al-Si ingots and degassing using argon, a portion of the molten charge
was poured into graphite cups of 25 mm inner diameter and 5 mm wall thickness
(Fig. 4.1). Cups were held inside the crucible for approximately 1 min prior to tests
to reach equilibrium condition ensuring uniform temperature distribution across the
sample at the beginning of solidification. Each cup with ~50 g of alloy was
transferred to the testing platform and two K-type thermocouples (0.8 mm diame-
ter) were quickly immersed into the melt near the center and wall of the mold with
their tips at 10 mm from the mold bottom. Temperature readings were collected by
a high-speed high-resolution data acquisition system (National Instrument SCXI-
1102) at ten readings per second sampling rate. To ensure the radial heat flow,
insulating plates were placed above and below the sample cup. To improve data
consistency and reproducibility, the same thermocouples were used for all tests by
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Fig. 4.1 Graphite cup K-type thermocouples
geometry for thermal
analysis purpose

35mm

10mm
>

35mm

placing the thermocouples in a 1 mm (inner diameter) stainless steel sheath. The
protective sheath saved thermocouples after solidification where they could be
easily removed from sample and reused.

As for metallography, transverse section at the tip of the thermocouples was cut
and for consistency of results, the area between the center and the wall of the entire
samples was examined (quarter area).

According to the literature, the cooling rate can either be calculated above
liquidus temperature or in the mushy zone. However, the cooling rate is often
registered high right after mold filling due to initial rapid heat dissipation. The
cooling rate gradually slows down in the mushy zone. As an example, the cooling
rates for the graphite molds used were between 1.5-2 °Cs™ ' and 0.5-0.6 °Cs ™'
above the liquidus and in the mushy zone, respectively. The analysis of the thermal
data was carried out following Backerud et al. and Tuttle [1, 2]. Since there are
some dissimilarities in the definition of the critical parameters in the literature, the
following nomenclatures are defined in this book. The points are also identified on
an actual cooling curve in Fig. 4.2 (only for graphite cup samples):

*  Thycy: Start of primary o-Al dendrites nucleation

*  Tmin, : Unsteady state growth temperature, the temperature beyond which the
newly nucleated crystals grow to such extent that the latent heat liberated
surpasses the heat extracted from the sample

* T, : Recalescence of steady-state growth temperature due to release of latent
heat of primary a-Al dendrites

* ATgc.: Temperature difference between unsteady (Tmin,,) and steady (T'g,,) state
growth temperatures of primary a-Al particles (recalescence)

* Irec: Recalescence time, time difference between Tp,, and Ty, , the times
associated with Tn, and T, (in the literature, it was labeled as liquidus
undercooling time [2, 3])

* Thyc,: Start of eutectic nucleation

*  Thin,, and Tmay,,: Minimum and maximum of eutectic temperatures

» A#: Variation of eutectic recalescence (Tmax,, — T'min.,)
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Fig. 4.2 Cooling curve and first derivative of 356 alloy: (a) a-Al formation region, (b) eutectic
region
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e Te.nq: Solidification termination
» AT,: a-Al solidification range (Tnyc,, — Tnuce,)
o AT, Eutectic solidification range (Tnuc,, — Tend)

Undercooling was defined in many academic literatures (e.g., [4]) as the differ-
ence between T yin,, and T, with Ty, defined as the starting point of solidification.
The authors would like to reemphasize on the finding of Backerud et al. [1] where
the actual solidification starts above the Ty, and it is detectable by the first
derivative (%) curve as shown in Fig. 4.2. The change in the slope of % is an
indication of energy change in the system and the only energy change during
solidification is the formation of solid phase, start of nucleation. So if the solidifi-
cation start is the point shown in Fig. 4.2, then how undercooling can be defined as
undercooling is an integral requirement to trigger nucleation and to onset solidifi-
cation. The actual undercooling may be defined as the difference between the
equilibrium melting temperature (discernable from equilibrium phase diagram)
and the Tyyc,,. Therefore, the value of (T'in, — T'g,,) is neither undercooling nor
nucleation range and can only be defined as the recalescence range (of note that this
topic is not intended to be opened in this book).

Chemical composition of the melt plays an important role in the thermal analysis
results. As for instance, the liquidus temperature of the Al-Si melts varies with Si%
according to the following equation (4.1) [5]:

Ty(°C) = 662.2 — 6.913%[%Si] (4.1)

So, by a simple calculation, it is evident that a compositional difference of 0.1%
Si between two samples means a difference of about 0.7 °C. Hence the chemistry
variation is a key in the cooling curve analysis.

4.1.1 Various SSM Processing

The solidification characterization is explored in the context of four SSM
processing routes as detailed below.

4.1.1.1 Rheocasting, Low Pouring Temperature Technique

As indicated in Chap. 2, among different techniques available for SSM processing,
casting at low superheat is regarded as the least expensive alternative to produce
thixo/rheo billets. For these series of tests, the molten metal was poured into a
coated cylindrical steel mold of 75 mm diameter and 250 mm long and the bottom
of the mold was sealed by a refractory material. After melt preparation, the alloy
was poured at different superheats, in the range of ~0-80 °C. Prior to pouring, the
mold was tilted to reduce the turbulence. Figure 4.3 shows schematically the actual
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Fig. 4.3 Schematic of low pouring temperature process

experimental setup. In all cases, two K-type thermocouples were installed at the
mold center and near the wall with their tips at 80 mm from the bottom of the mold
to monitor temperature distribution of the bulk liquid during solidification. Solid-
ification of the alloy continued up to the point where the melt temperature at the
center of the billet reached 593 £2 °C. It is expected to have a solid fraction of
0.3-0.35 at this temperature according to equilibrium lever rule and Scheil’s
equation [4]. The wall temperature was registered at 591 £ 1 °C. After preparation,
the billets were taken out of the mold, still in the mushy zone, and quenched quickly
in cold water. For metallography, transverse section at the tip of the thermocouples
was used and for consistency, the area between the center and the wall (quarter
area) was examined.

4.1.1.2 Rheocasting, SEED Technology

In addition to low pouring process, the solidification behavior of billets produced
via SEED technology was examined in detail. For these series of tests, about 2 kg of
the alloy was poured into the same mold as explained in Sect. 4.1.1.1. For turbu-
lence reduction during pouring, the mold was tilted during initial stage of pouring
and was brought back to the vertical position (Fig. 4.4). Immediately after pouring
the mold and its content were swirled at 150 RPM or 2.5 Hz with an eccentricity of
12 mm. The swirling motion is expected to not only distribute the solid particles
formed on the mold wall, but also to break the dendrite arms and rendering the
formation and uniform distribution of spherical particles. The duration of this stage
depends on the mold dimension and the charge mass and for these series of
experiments it was set to 60 s.

In the next step and after stopping the swirling motion and pausing for a short
time (5-10 s), the bottom plug was opened to allow a portion of the residual liquid
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Fig. 4.4 Experimental procedure for the SEED process

to drain out. As a result, the fraction solid in the billet (slug) increases and a free-
standing billet is produced. After a specific time of 20 s, the prepared billet was
unloaded and transferred into the water tank to be quenched to room temperature at
about 20-25 s. In all experiments, two 0.8 mm diameter K-type thermocouples
were inserted near the mold wall and also the center with their tips at a distance
80 mm from the bottom of the mold to collect thermal data. The quenching
temperatures for all the tests were 598.5 2.5 °C. For metallography, transverse
section at the tip of the thermocouples was used and for consistency, the area
between the center and the wall (quarter area) was examined.

4.1.1.3 Electromagnetic Stirring (EMS)

For better understanding of the effect of stirring on the solidification behavior and
resulted microstructure of SSM billets, electromagnetic stirring method was used.
Binary Al-7%Si alloys were prepared by melting 99.7 % commercially pure alu-
minum in a SiC crucible in an electric resistance furnace. Addition of silicon and
iron was carried out at 720 + 5 °C using pure silicon and Al-25%Fe master alloy.
The chemistry is given in Table 4.1.

For attaining different cooling rates, two dissimilar mold materials were used.
For higher cooling rate, a copper mold with a water cooling jacket (Fig. 4.5b) and
for the lower cooling rate, CO,-bonded silica sand mold was used to produce ingots
of 76 mm in diameter and 300 mm long. The entire configuration was placed in
EMS machine, Fig. 4.5. For these series of experiments, the frequency was set to
50 Hz and the current was 100 and 30A for copper and sand molds, respectively
(stirring was stopped around 400 °C in EMS samples).

For the superheat variation, pouring temperature was changed between 630 and
690 °C. The cooling rate above liquidus in the copper and sand molds for the
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Table 4.1 Chemical analysis Si Fe Al
of the melt (wt. %) 6.7-6.9 0.8-0.81 Bal.

EMS controller
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EMS with
copper mold and
ingots

Fig. 4.5 (a) Setup for EMS experiments, (b) schematic details of the water-cooled copper mold

conventional ingot (with no stirring) was about 4.8 °Cs™' and 3.3 °Cs™ ', respec-
tively (thermocouples were inserted 200 mm from the bottom). The cooling rate in
the sand mold is relatively high at the beginning of the pouring which is due to the
large volume of sand compared to the liquid metal. However after the initial rapid
heat dissipation, the bulk liquid temperature decreases slowly due to low heat
diffusivity of sand mold. As a result, the sand could absorb significant amount of
heat after filling the mold. The cooling rate is then reduced in the mushy zone. For
the experiments with no stirring, the liquid was poured into the same molds and
allowed to air cool. The samples with no stirring will be referred as “conventional.”
For structural study, samples were sectioned 200 mm from the bottom and the area
between the center and the wall (quarter area) was examined.

4.1.1.4 Thixocasting of Refined/EMS Specimens

In addition, a limited number of experiments were carried out to study the solidi-
fication behavior of thixocast billets. For this purpose, graphite cup samples with
~25 mm diameter and samples from transverse section of EMS billets (200 mm
from the bottom, in areas between center and wall) were reheated in a single coil
5 kW induction furnace operating at 80 kHz, Fig. 4.6 [6].

Samples were placed vertically on an insulator plate. Temperature variation
during the tests was monitored by putting two thermocouples in the same manner
as described in Fig. 4.1. Induction furnace was controlled by central thermocouple
and the wall thermocouple was connected to the data logger system.
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Fig. 4.7 Typical reheating profile of wall thermocouple

A typical reheating curve during partial remelting is presented in Fig. 4.7.
During the tests, it was ensured that the temperature difference between center
and the wall is less than 2 °C. Heating rate was set to 5-6 °Cs ™' and reheating range
was 583 4 3 °C (about 38-40 % fraction solid according to ThermoCalc' calcula-
tions). Initial heating rate was rapid (5-6 °Cs~") while there is a sudden change in

"ThermoCalc is a commercial thermodynamic-based software package (www.thermocalc.com)
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the slope of the curve (region A in Fig. 4.7) which is associated to the initiation of
the sample remelting (by remelting of Mg,Si constituent and ternary eutectic [1]).
This variation is followed by another transformation due to the main eutectic
reaction in region B of Fig. 4.7. After predetermined holding time (e.g., 5 or
10 min), samples were rapidly quenched in cold water.

4.1.2 Melt Treatment

The solidification behavior of SSM alloys is expected to change with the applica-
tion of grain refining and modification treatments. The followings explain sample
preparation and test procedures to characterize solidification behavior of melt-
treated SSM billets.

In this study, three refiners and one Sr-based modifier with the following
specifications were used:

e Al5%Til%B, rod form
e Al5%B, rod form

* Al4%B, waffle form

e Al10%Sr, rod form

To achieve different degrees of refinement, modification, and combined effects,
the above-mentioned master alloys were added to the melt to raise the concentration
of specific elements, i.e., Ti, B, and/or Sr levels in the alloy. Specified amount of
these master alloys, wrapped in aluminum foil, were added to the melt between
720 and 730 °C using a preheated graphite bell. The entire melts were degassed
with argon after master alloys addition and the contact time for the first sampling
was set to 20-30 min depending on the treatment (~30 min for modification due to
incubation period and ~20 min for sole grain refiner). Prior to taking any samples
and after each step, each melt was cleaned by skimmer.

4.1.3 Chemical Analysis

Samples for chemical analysis were cast into a standard scissor mold. Disk shape
samples having a 56 mm diameter and 10 mm thickness were prepared for chemical
analysis by machining of the surface. Finally, 6-8 point OES ablations (Optical
Emission Spectroscopy) were performed on the machined surface using
ThermoARL-4460 and the results are presented by averaging all ablations. The
measurement of the grain refiner and modifier elements concentrations is essential
and thus calibration of the OES detector regarding these elements especially boron
is vital. Two standards especially produced for analysis of 356 Al-Si alloys were
used with a 1 % accuracy of the results. Table 4.2 shows the chemistries used in this
book.
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Table 4.2 Chemical composition of the base alloys (wt. %)

Si Mg Fe Mn Cu Ti B Sr | Al
Binary |7.0-7.3 |Nil Max Nil Nil Nil Nil |Nil |Bal.
alloy 0.09
6.7-6.9 | Nil 0.8-0.81 | Nil Nil Nil Nil |Nil |Bal.
A356 6.4-6.7 |0.36-0.4 |Max Max Max Max Nil | Nil |Bal.
0.08 0.003 0.001 0.0058
356 6.8-7.0 |0.33-0.36 | Max Max Max 0.1-0.13 | Nil |Nil |Bal.
0.09 0.003 0.002

4.2 Rheological Characterization

The flow of SSM billets within the die is an important issue to control the integrity
of the finished cast product. Therefore, it is essential to characterize SSM billets
flow when injected into die cavity. The following explains briefly the fundamentals
of rheology and gives some equipment and procedures applied to complement the
theoretical principles.

4.2.1 Principles of Rheology
4.2.1.1 Introduction

Since the inception of Semi-Solid Metal (SSM) processing concept in early 1970
[7, 8], and the fact that the deformability of SSM billets is shear rate and time
dependent, the issue of rheology has been studied to some extent. The “S2P”
biannual international conferences over the last two decades, (1990-2016) have
also dedicated specific chapters covering rheological behavior of SSM alloys.
Rheology is an integral part of SSM research efforts, even though the concept
may not be as clear and familiar for metallurgists.

Rheology is the science of deformation and flow of materials. It is a branch of
physics concerned with the mechanics of deformable bodies. It also deals with the
simultaneous deformation and flow of materials. In this context shear flow is an
important type of deformation in rheology and may be visualized as a process in
which infinitely thin, parallel planes slide over each other as in a pack of rigid cards.
The breakup or rupture of solids and liquids into smaller segments or droplets and
the rejoining and sticking together, “cohesion,” of particles or droplets to make a
continuum body and mass are often included in rheology [9].

The rheological behavior and properties of a substance may sometimes exhibit
considerable changes with time or with continuing deformation [10]. These changes
occur either reversibly or irreversibly with reversible deformation called elasticity
and irreversible deformation is known as flow. The work used in deforming a
perfectly elastic body is recovered when the body is restored to its original



92 4 Methodology of SSM Characterization

undeformed shape, whereas the work used in sustaining flow is dissipated as heat
and is not mechanically recoverable. Elasticity relates to mechanically recoverable
energy and viscous flow to the conversion of mechanical energy into heat. Elastic
deformation is always a function of stress, whereas the rate of deformation for flow
is a function of shear stress.

From the rheological point of view, the mechanical properties of material can be
described in terms of elastic, viscous, and inertial contributions. For elastic defor-
mation, the material deforms reversibly and is able to recover instantly to its
original shape and size when the applied stress is removed. For viscous body
however, stress and resulted strain cannot be sustained for long and will be relieved
by flow with rate of flow being a function of stress. Of course, extremely viscous
materials may exhibit elastic strain for considerable period of time. Periods which
are short with respect to the time needed for appreciable flow. This means that a
given material may be considered as an ideal elastic body for relatively short times
and as an ideal viscous body for long time periods. Regardless of geometry of the
body and deformation, the flow will always be in the form of laminar shear [11, 12].

With such simple definition, the interrelationship of rheology and mechanical
properties of materials are closely tied up with materials’ viscosity and deformation
behavior within two phase region, liquid and solid, the so-called mushy state.

4.2.1.2 Viscosity

Viscosity is the main parameter for rheology of semi-solid metallic alloys and plays
an important role equivalent to that of “fluidity” concept in liquid metals (e.g.,
[13—15]) and modulus of elasticity for solids [11]. Viscosity is an indication of SSM
capability in filling the mold and determines the required force for deformation and
flow of materials [16]. According to several review articles, viscometry is identified
as an appropriate route for the rheological studies of materials [17-19].

Viscosity of fluids is expressed in terms of the coefficient of viscosity, r. Based
on Newton’s law of viscosity, the ratio of shear stress to the gradient of velocity is a
constant showing the capability of momentum diffusion through the body of
material as expressed mathematically in the following equation (4.2):

dv,
Ty = 7175 (4.2)

Where %" is velocity gradient, 7, is the shear stress, and n is viscosity. Equation

(4.2) may be rearranged and expressed as equation (4.3):

dx
G A 1 dy
dy “dr Tar
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Tye = NY (4.3)

Where y and y are shear strain and shear strain rate, respectively. In contrast to
Newton’s law of viscosity where the viscosity (1) is constant, the term “apparent
viscosity” is used when viscosity is influenced by applied shear rate.

The ratio of the viscosity, n, to the fluid density (4.4) is called kinematic
viscosity, v, which is a measure of momentum diffusivity, analogous to thermal
and mass diffusivity [10]:

v =-— (4.4)

The value of 5 is interpreted in terms of a power law, relating shear stress (t) to
average shear rate, (r = my"). The apparent viscosity is then calculated as the ratio

of shear stress to shear rate, [y = m(y )<"_])], where m and n are material constants
of consistency and power law indices respectively [10]. Except for Newtonian
fluids where 1 is constant and the viscosity is independent of shear strain rate, the
viscosity is found to vary by several orders of magnitude with changing shear rate
(or shear stress) in non-Newtonian fluids, i.e.,n = Tyi is a function of y . Typical flow
curves for non-Newtonian fluids are presented for time-independent fluids in
Fig. 4.8 [10, 20]. Line A in this figure represents the Newtonian body for which
is constant. When the shear rate increases more than in proportion to shear stress,
curve B, the material is called “Pseudoplastic” or “shear thinning” liquid. To a first
approximation, the flow curve of a Pseudoplastic liquid can be represented by the
power law, the rate of shear is roughly proportional to the power of the shearing
stress or vice versa, (4.5 and 4.6):

Tyx = ’7(7 )n (45>

E = Herschel-Bulkley
D = Bingham fluids
B= Pseudoplastic fluids

Shear stress, Tyx A = Newtonian fluids

1;
C = Dilatant fluids
Shear yield

stress, Ty

Shear rate, y

Fig. 4.8 Stress—strain rate curves for time-independent fluids (reproduced from [10] and [20])
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n=m(y)" " (4.6)

The materials constants m and n (the consistency and power law indices,
respectively [21]) are viscosity at shear rate of 1 s~ (m=x) and a measure of
fluid departure from Newtonian fluid (n=1), respectively, i.e., n<1 for
pseudoplastic fluid (it is usually lies between 1/3 and 1/2, shear thinning) and
n> 1 for dilatant fluid [10] or shear thickening.

It has to be mentioned that some of the non-Newtonian fluids may exhibit dual
behavior, where both, shear thinning and shear thickening (pseudoplastic and
dilatant, respectively) may be observed at different loading conditions. It has
been reported that aluminum and tin-lead alloys have shown both the
pseudoplasticity and dilatant behaviors depending on the applied shear rate when
tested with high pressure die casting setup and rotational viscometer. Such alloys
behave like pseudoplastic material at low shear rates, 2 x 10°-2 x 10* s™', but
show dilatant character when deformed at high shear rates, 10° 7! [22, 23].

In addition, there are viscoelastic fluids which exhibit time-dependent recovery
from deformation, i.e., recoil. This is in contrast with the behavior of Newtonian
fluids which do not recoil. Such behavior may be compared with the behavior of
thermoplastic polymers under loading with exception of elastic deformation which
is due to stretching (straightening) of the polymer chains, instantly happens as load
applied and is recovered instantly when load removed, ¢; in Fig. 4.9. After chain
straightening, the chains start to move relatively with respect to each other and this
is time dependent as is the case for viscoelastic fluids with layers of fluid moving
with respect to each other. Such movement of chains or layers of fluid with
respect to each other is known as “viscous flow” and therefore, viscoelastic defor-
mation (g;—eg;) is time dependent. Viscous flow, however, is dependent upon the
viscosity. Such characteristic brings the time dependency of viscosity into the
actual fluids.

The semi-solid materials with their thixotropic characteristics, as will be
discussed later, do not store elastic energy and therefore do not recover with time
when the applied shear stress is removed. The viscosity of thixotropic fluids
decreases with time and approaches an asymptotic value at a constant shear strain
rate and also the structure breaks down with time. As pointed out by Poirier and

Fig. 4.9 Strain-time 4
variation for viscoelastic €
deformation of polymers. Elastic 4
For fluids, the recovery of

instant elastic deformation Strain

is not applicable [24]

t=0 t=t Time
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Fig. 4.10 Effect of shear Viscosity (Pas)
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Geiger [10], thixotropic fluids may be treated as general Newtonian fluids under
steady-state conditions when the asymptotic value of viscosity is maintained.

The Bingham fluids exhibit a yield stress and then gives a linear relationship
between shear stress and shear rate as expressed in (4.7)[20]:

T =1, +ky (4.7)

where 7Ty is yield stress and k is a constant related to the viscosity. However, if the
fluid behavior after yielding is not linear, it is referred as Herschel-Bulkley fluids
where (4.8):

=1, +ky" (4.3)

Figure 4.10 represents viscosity variations against shear rate for different
fluids [20]. In the eyes of mass producers of metallic artifacts, knowledge of
viscosity is equivalent to die-filling characteristics, since lower viscosity causes
better movement of material through the die [22, 25, 26]. The viscosity is always
used as an input parameter for prediction of flowability in the simulation software
[27-29]. Lower viscosity results in intricate thin wall component production with
lower machine pressure and reduced rejects and scraps [30, 31].

4.2.1.3 Flow Behavior in the Semi-Solid Metals

The semi-solid metals are two-phase system containing a suspension of primary
phase particles within the liquid phase matrix. The dynamic presence of two phases,
“the mush”, is dependent upon the alloy solidification range where a wider solid-
ification range is translated into an easier and more controllable “mush”. The
growth mode of the solid phase is dendritic. Such system is shown to behave like
Newtonian or non-Newtonian fluids depending upon the process parameters
[17-19].
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Semi-solid metal slurries with globular morphology of the solid phase and a
solid fraction of less than 0.6 usually exhibit two distinct rheological characteris-
tics: thixotropy and pseudoplasticity [19]. Thixotropy is about the time dependency
of the transient state viscosity at a given shear rate, while pseudoplasticity discusses
the dependency of the steady-state viscosity on the shear rate. All the SSM
processing techniques rely on either one of these properties or both in a single
process. Therefore, a good understanding of the rheological behavior of SSM
slurries is mandatory to develop effective SSM processing technologies. The
rheological phenomena in stirred SSM slurries can be divided into three groups
[7, 32, 33]:

1. Continuous cooling behavior, which describes the changes in the viscosity of
molten alloy during continuous cooling (at constant cooling rate and shear rate).

2. Pseudoplastic behavior, which describes the dependency of steady-state viscos-
ity on the shear rate, or shear thinning behavior.

3. Thixotropic behavior, to describe the dependency of transient state viscosity
on time.

There is important information that could be obtained on the rheological behav-
ior of SSM slurries during continuous cooling with respect to the effects of solid
fraction, shear rate, and cooling rate. In particular, it is more relevant to the practical
conditions set in SSM processing techniques such as rheocasting and rheomolding.
However as pointed out by Suéry et al. [16], such experiments are more relevant to
exploiting the solidification behavior rather than studying the rheology of SSM
slurries.

In contrast to continuous cooling tests, isothermal steady-state trials are more
capable of characterizing the rheological behavior of SSM slurries and are a first
step toward the determination of a constitutive equation. It is now generally
accepted that the steady-state viscosity at a given shear rate depends on the degree
of agglomeration between the solid particles, which in turn is the result of a
dynamic equilibrium between agglomeration and deagglomeration processes [34].

The thixotropic behavior of SSM slurries was demonstrated by measuring the
hysteresis loops during a cyclic shear deformation [35]. However, such procedure is
not sufficient to quantify the kinetics of agglomeration and deagglomeration pro-
cesses. As pointed out by Chen and Fan [34], in order to overcome this shortcom-
ing, special experimental procedures involving an abrupt shear rate jump or a shear
rate drop were developed to characterize the kinetics of structural evolution. It was
found that the agglomeration process dominates after a shear rate drop, whereas a
deagglomeration process dominates after a shear rate jump [34].

For the semi-solid billets with high fraction solid, the so-called self-standing
slugs, there are other type of rheological studies which are based on keeping the
shear rate constant within the bulk of a preheated sample and measuring the
velocity of deformation under a constant dead weight, parallel plate compression
viscometry, or deals with constant stress applied on the semi-solid slugs to develop
the data of strain rate, extrusion methods. Such data can provide useful information
about the viscosity of SSM materials having high percentage of fraction solid
[36-38].
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4.2.2 Rheological Behavior of SSM alloys

The flow and deformation of metallic alloys “rheological behavior” is mainly
dependent on the SSM alloy viscosity (7), which itself varies with both
metallurgical and process parameters. It may be represented by the following
(4.9) [33, 34, 39, 40]:

N=FfGtsTasT,Corf s, F, history) (4.9)

Where 1 represents the viscosity, y is the shear rate, t, is shearing time, 7, is the
temperature of semi-solid alloy, 7' is the cooling rate from liquid to T, within the
mushy zone, C, is the alloy composition, f; is fraction solid at T, F is the shape
factor, and hjgory is history effect. Generally higher solute contents and cooling
rates have been found to cause more dendritic morphology and hence higher
viscosities for a given fraction solid. The apparent viscosity of the slurry at a
particular point in time depends on its previous internal state (the history effect,
history)- The internal state, which is continually changing, is described in some
way by microstructural parameters such as size, size distribution, morphology,
and dispersion of solid phase within the liquid matrix. Developing an
all-encompassing model for semi-solid metals is therefore considered to be a
difficult task and requires detail knowledge of the effect of the above-mentioned
parameters on the viscosity. In addition, the process time before shaping is also
important since it could change particle size, morphology, and distribution due to
spheroidization and coarsening [41, 42]. The followings give a brief account of the
effects of parameters on the viscosity of SSM slurries.

4.2.2.1 Metallurgical Parameters

The complex rheological properties of SSM alloys are strongly dependent on the
local solid fraction, particle shape, and size and the state of agglomeration. The
metallurgical parameters may be controlled through manipulation of solidification
and alloy phase diagram.

Fraction Solid

One of the most important parameters affecting viscosity of the mush is the
fraction solid of the primary phase, e.g., a-Al dendrites in case of Al-Si alloys
[38, 43—45]. Fraction solid (f; =1 —f}) at a temperature 7 within mushy zone may
be calculated by Scheil equation, (4.10) and (4.11) [4].

The fraction solid (f;) at a given location within the solid-liquid zone is
predicted by a mass balance wherein a simplest case neglects ripening and diffusion
in the solid. For this case the relation between weight fraction liquid in mushy zone,



98 4 Methodology of SSM Characterization

£, and liquid composition at a given location, Cj, is given by the Scheil equation
which may be written in the following form for the constant partition ratio, &:

—1/1—k
fi= <%> (4.10)

Or for fraction solid and solid composition (Cy) is given by:
Cy = kCo(1 —f,)*! (4.11)

Cy is the composition of the alloy.

Different methods are reported in the literature for measuring the fraction solid,
among which the most commonly used are quantitative metallography, thermal
analysis, and application of thermodynamic data based on equilibrium phase
diagram [46]. Each route has its advantages and disadvantages and could be used
as per requirements of the research program.

Chen and Fan [34] developed a microstructural model to describe the relation-
ship between viscosity and effective solid fraction, rheological behavior, of liquid-
like SSM slurries under simple shear flow. In their model, liquid-like SSM slurry is
considered as a suspension in which interacting spherical solid particles of low
cohesion are dispersed in a liquid matrix. In a simple shear flow field, a structural
parameter (S) defined as the average number of particles in each agglomerated solid
particle was used to describe the state of agglomeration and deagglomeration.
Through effective solid fraction, f,°", a parameter which is slightly different to
that of fraction solid as a result of agglomeration/deagglomeration and possible
entrapment of liquid, (4.13), viscosity can be expressed as a function of the
structural parameter S (4.12).

_3
2

n=n,(1-f;") (4.12)
The effective fraction solid is given as:
: S—1
rer = (14554, (@.13)

where 7 is instantaneous viscosity, 7, is the viscosity of liquid matrix (when
effective fraction solid=0), A is a model parameter related to packing mode
which decreases with increasing the packing density (the fraction of space filled
by solid particles). The parameter A was expressed by a linear equation of
(A=3.395-4.96 f,, where f;=solid fraction) for Sn15%Pb alloy [47], and the
effective fraction solid (f fff) was regarded as the sum of the actual solid fraction
and entrapped liquid fraction.

Equation (4.13) indicates that the effective solid fraction is influenced by the
actual solid fraction, agglomerate size, and the packing mode in the agglomerated
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chunks. It is interesting to note from (4.12) that the viscosity of semi-solid slurry is
a direct function of the viscosity of the liquid matrix and the effective solid fraction.
The flow conditions affect viscosity only indirectly through changing the effective
solid fraction.

Viscosity steadily increases with increasing of solid fraction till the point where
solid particles can no longer move easily and the already solidified segments have
developed strength, a 3D solid skeleton is formed. This is specified as the dendrite
coherency point (DCP). The dendrite coherency point marks the transition from
mass feeding to interdendritic feeding during solidification. After DCP, viscosity
increases abruptly [48].

With stirring in SSM processing, dendrite coherency point is postponed due to
the shallow temperature gradient initiated from the forced convection within the
melt. The breakdown of dendrites due to stirring coupled with multidirectional
growth of fragmented dendrites due to more uniform temperature distribution
within the mold, shallow temperature gradient, encourage the formation of
equiaxed grains, thus postpone the rapid rise of viscosity to higher fraction of solids.

The effect of fraction solid was studied on the viscosity of A356 SSM billets cast
conventionally [38]. Application of low superheat in conventional casting resulted
in the formation of the desired primary Al morphologies for a series of SSM billets.
It was confirmed that at low shear rate values (less than 0.01 sfl), the SSM billets
can be treated as the Newtonian fluid even though the two-phase fluids are basically
non-Newtonian with engineering strain—time behavior comprising non-steady-state
or transient state with thixotropic characteristics and quasi-steady-state from which
the viscosity values calculated [38]. The SSM billets showed pseudoplastic behav-
ior where the viscosity numbers decreased with increasing applied pressure (shear
rate) as shown in Fig. 4.11. The SSM billets were also treated as the non-Newtonian
fluids and the materials constants m and n were calculated and presented as an
empirical relationship (4.14) for different fractions solid [38].
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Fig. 4.11 The viscosity numbers are plotted against average shear rates for SSM billets having
different fractions solid [38]
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logn =5.56 — 1.39f, — (1.56f, + 0.14)logy  (0.33 <f, < 0.46) (4.14)

The above-mentioned empirical relationship expresses the direct effect of
fraction solid on the viscosity of semi-solid billets and if the fraction solid kept
constant, the viscosity varies inversely with shear rate. The validity of equation
(4.14) was further confirmed with experimental results reported in the literature
and it was stated that the equation above is valid at very low shear rates,
less than 0.01 s~ [38].

Primary Phase Morphology

The morphology of primary phase has a pronounced effect on the flow behavior of
semi-solid metal slurries [17-19]. It is found that dendritic structures at the same
solid fraction exhibit approximately several orders of magnitude greater flow
resistance than the equiaxed structures [49]. In fact the globular particles move
easier over one another than dendritic ones which tend to interlock during the
application of external force, resistance against flow [7, 33, 50, 51]. In addition,
since the beginning of SSM processing research, it was the nondendritic structure
which imparted the interesting and useful rheological characteristics, such as
pseudoplasticity and thixotropy. Therefore, a good understanding of the effect of
particle morphology on the rheological behavior is not only of scientific merits but
also from technological point of view it has great significance on the development
of new SSM processes.

Although several attempts were made to experimentally correlate the morphol-
ogy of the primary solid phase to rheological characteristics (e.g., [37, 52]), there is
not any theoretical model to account for the effect of particle morphology on the
flow behavior of metal slurries. However, there are simple models and defined
parameters to describe rheological characteristics of slurries with different solid
particles morphologies [50]. Lashkari et al. [37] specified the effect of morphology
on flow characteristics of SSM billets using aspect ratio of the primary a-Al
particles in Al-Si hypoeutectic alloys. Non-Newtonian behavior for SSM billets
was assumed and non-Newtonian power law model was employed to study rheo-
logical behavior of SSM slurries. The model expresses viscosity changes in terms of
applied stress and resulting shear rates as (4.15):

n=m3)"" (4.15)

where, as mentioned before, m and n are the material constants (consistency and
power law indices), respectively [21]. Figure 4.12 shows the relationship between
the consistency and power law indices and aspect ratio which eventually related to
viscosity of SSM slurries. The relationships between n and m with aspect ratio are
given as (4.16 and 4.17):
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Fig. 4.12 Effect of primary a-Al particle aspect ratio on the power law (n) and consistency ()
indices [37]

n=097 - 0.255(AR) for 1.5 <AR < 1.7 (4.16)

m = 10(185494R)  for 15 < AR < 1.7 (4.17)

In another study [19, 50], Fan and his coworkers studied the effect of morphology
on the apparent viscosity (the viscosity of steady-state flow segment) of SSM slurry
using the concept of fractal dimension, Dy. Fractal dimension defined as the parameter
to characterize the morphology of solid particles using the concept of Hausdroff
dimension. Hausdorff dimension of a single point is zero, of a line is 1, of a square is
2, and of a cube is 3. For dendritic morphology, the value of D;=2.5 and D;=3
illustrates the fully globular particles in SSM slurries.” They calculated Dy from
experimental viscosity data of continuous cooling experiments on Sn—15 % Pb [35]

2For more information on fractal dimension, interested readers are encouraged to consult the
following article;

R.S. Qin and Z. Fan, “Fractal theory study on morphological dependence of viscosity of
semisolid slurries”, Mater. Sci. Tech., 2001, 17, 1149-1152.
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Fig. 4.13 The effect of a 3.00
primary particle
morphology on the apparent
viscosity as a function of
shear rate; (a) Fractal
dimension D deduced from
experimental viscosity data
from continuous cooling
experiments reported by
Joly et al. [35] as function of
solid fraction [19], (b) ' Sn-15wt.%Pb alloy
calculated steady-state 1 Continuous cooling
apparent viscosity at three
different fractal dimension
values for Sn15%Pb SSM

ro
w
o
4
o®
o

Fractal dimension D
]
[{e]
o
1

n

o

w
L

2.80 — T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Solid fraction f,

alloy [50] (reprinted by b 25
permission of Taylor &
Francis Ltd) - Sn-15wt.%Pb alloy
@ 2 Constant morphology
a Steady state
= Solid fraction = 0.3
‘@
Q
O
L
=
c
o
@
o
o
<

100 300 500 700 900
Shear rate (1/s)

as shown in Fig. 4.13a and substituting the resulted values in (4.13) and (4.12) to
calculate the effective solid fraction and apparent viscosity, respectively, Fig. 4.13b.
As shown, for Dy value closer to 3, the apparent viscosity is lower [50].

Zoqui et al. [53] also reported the effect of morphology on the rheology of SSM
alloys, using rheocast quality index. Rheocast quality index, RQI, defined as
RQI = globule size/(grain size x shape factor), indicates quasi rosette shape feature
with RQI=0.1 and a perfect globular shape with RQI = 0.9.

Particle Size and Distribution

One of the main parameters controlling the complex rheological properties of semi-
solid metal alloys is the particle size and distribution including the state of agglom-
eration. It is expected to have better flow with finer microstructure as there is easier
movement and less collision among particles with lower viscosity [17-19].

It has to be pointed out that finer particles are prone to agglomeration due to
larger surface area and therefore there may be changes in viscosity with time,
dynamic state. Generally, size and distribution of primary particles are time-
dependent variables based on two mechanisms of breakdown (deagglomeration),



4.2 Rheological Characterization 103

and coagulation (agglomeration) [54, 55]. For the breakdown mechanism
(deagglomeration process), the bonds between particles break down due to shear
forces during the early stages of the shearing and is responsible for the rapid
decrease in the effective viscosity of the material [56, 57]. The second mechanism
is the buildup of the solid structure where metallurgical bonds (necks) form
between particles when the sample is at rest [57, 58]. It is understandable that the
first mechanism is much faster than the second since the agglomeration mechanism
relies on diffusion which is not as effective and fast as stirring and generation of
convective currents during deagglomeration. The tendencies for the suspended
particles within the liquid matrix to agglomerate could be decreased or increased
with the application of external forces on the semi-solid mush.

The particle size is therefore dependent on the applied shear rate as it can
promote agglomeration or deagglomeration due to particle—particle impact and
bonding if the applied shear rate is low. It is also time dependent during isothermal
processing of SSM billets where Ostwald ripening (dissolution of smaller particle
and growth of larger ones) or particles coalescing (particles joined together by
impact and due to high diffusion rate fully fuse together) could change particle size.
Therefore, the dynamic interaction among solid particles may cause the formation
of chunks, agglomerated particles, within semi-solid slurries and make the flow of
mush harder. However, after a while under the influence of viscous forces, the
equilibrium takes place between agglomeration and deagglomeration processes and
the viscosity changes reach a steady state and uniform distribution of particles is
observed [33, 47, 50, 51, 59, 60]. The uniform distribution of isolated particles
within semi-solid slurries is always an important issue for researchers to lower
viscosity and achieve sound final components.

Particle size analysis and distinction between grains and globules have para-
mount importance in SSM processing. Technically, there is a difference between
globule and grain sizes. Globules are the primary particles which are apparently
detached from each other; however, there is every possibility that the neighboring
individual particles might be interconnected from underneath of the polished sur-
face. It is worth noting that the concept of globule size measurement in conventional
cast samples is not scientifically valid which is associated with the errors related to
the sectioning of dendritic branches. This will be explained later in this chapter.

Alloy Chemistry and Pouring Temperature

Alloy Chemistry

The composition of slurry has a direct effect on the solidification morphology.
Increasing solute concentration in the alloy causes enrichment of melt at the
solidification front. The resulting constitutional supercooling breaks down planar
interface to cellular morphology which eventually becomes dendritic with increas-
ing constitutional supercooling at the solidification front. With the formation of
dendrites, as stated earlier, the apparent viscosity of slurry increases and
rheocasting in this condition becomes more difficult.
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It is believed the higher concentration of solute in the alloy increases the volume
fraction of liquid trapped between the primary crystals. Such phenomenon brings
higher viscosity within the slurry. An empirical equation has also been proposed to
relate the viscosity and compositional factors [61, 62].

ap cl/3 j 43

n=n,q 1+ (1 (4.18)

D S
S 0,727/1‘6'/37*1/3)

where 7, is the apparent viscosity of liquid, p is the density of alloy, C is the
solidification rate (%) (fraction solid forms per unit time, 7), f; is the fraction of

solid, y is the shear rate, and @ and # are numerical values which are dependent
on the chemical composition of alloy and become larger with increasing solute
content. For Al-3.6 % Si, the value of a=67.0, f=6.27 and density (p) are
2140 kg m > [61].

Furthermore, alloy composition could affect dendrite coherency point (DCP), as
it is altered by solute concentration [48]. This is due to the effect of solute
concentration on the formation of the primary solid phase as, for instance, for
hypoeutectic Al-Si alloys, the percentage of primary a-Al decreases with increas-
ing Si content and therefore the development of dendritic network is postponed,
lower dendrite coherency temperature.

The effects of solute and trace elements on reducing grain size and improving
mechanical properties of as-cast products are well-established facts (see Sect.
6.2.1.4). The alloy composition directly affects the percentage of primary phase
solidifying within mushy zone. It is generally believed that small addition of
alloying elements could interfere with grains nucleation and growth mechanisms
and provide conditions required for new nuclei to form or prevent gain coarsening,
to promote the formation of finer grains. With progress in solidification, the solutes
form an enriched boundary layer ahead of the solidification front in which the actual
temperature is lower than the equilibrium solidification temperature, constitutional
undercooling zone [4]. Constitutional undercooling is responsible for dendritic
growth. In other words, with controlling alloy composition, the type and percentage
of solute elements, constitutional undercooling and thus the growth rate and
morphology of primary phase, dendritic or equiaxed growth, may be controlled.
The same concept could be extended for grain refiners which are specifically added
to refine the as-cast structure. The effect of grain refiner and modifier addition
during SSM processing of aluminum alloys is well discussed in this book
(Sect. 6.2.1). The overall conclusions may be briefly summarized here as follows:

1. Grain refinement results in the formation of better and more uniform distribution
of nearly spherical primary a-Al particles within the slurry.

2. The refinement of the grains has been identified as the main factor for better
deformability of the billets. Modification also plays an important role in alloy
deformability through reduction of the residual liquid surface tension, which
reduces the apparent viscosity of the billets.


http://dx.doi.org/10.1007/978-3-319-40335-9_6
http://dx.doi.org/10.1007/978-3-319-40335-9_6

4.2 Rheological Characterization 105

3. The microstructural study of the deformed area showed less segregation of liquid
adjacent to the mold walls for the combined and overrefined semi-solid billets.
This is attributed to the smaller particles size and lower viscosity of the billets.

Pouring Temperature

Pouring temperature or superheat is one of the important parameters to affect the
evolution of primary phase during solidification. Several researchers have investi-
gated the effect of pouring temperature on the microstructure of as-cast semi-solid
metals (e.g., [63—-69]). Low superheat is instrumental in establishing shallow
temperature gradient within the slurry, thus encouraging equiaxed growth. Shallow
temperature gradient removes directional heat extraction from the melt and pre-
vents the formation of columnar dendrites within the mush [4]. This is an effective
way to control the morphology of primary phase forms in the more recently
introduced SSM processes, since agitation of the slurry is no longer the principal
factor in promoting globular morphology [25, 68, 69]. Figure 4.14 shows the effect
of pouring temperature on the microstructural evolution of 356 Al-Si alloy [67].
The importance of pouring temperature is even well pronounced in SSM pro-
cesses where stirring with strong convective currents is applied as in case of
electromagnetic stirring route which will be discussed in Sect. 5.4.

4.2.2.2 Process Parameters

Shear stress and shear rate (t,y)

One of the most important factors affecting the viscosity of SSM slurries is the
applied shear force [39, 43]. It imposes laminar or turbulent flow within the slurry
and induces disintegration of dendrites and the agglomeration or deagglomeration
of the dendrite fragments, which is the main drive for fine distribution of primary
phase particles. The applied shear force could eventually establish some sort of
equilibrium between agglomeration and deagglomeration phenomena within SSM
slurries, “steady state,” and to prevent the formation of bulky particles; the main
obstacle to SSM slurries flow within mold cavity. The great tendency for the
formation of agglomerated chunky parts due to the presence of low energy grain
boundaries within globular particles can be prevented by application of shear forces
within the slurry [70]. The term “apparent viscosity” used for SSM slurries is to
express the viscosity of steady-state flow and varies with shear rate and fraction of
solid [7, 32]. As shown in Fig. 4.15, for a constant fraction solid, the viscosity
decreases with increasing shear rate.

Shear rate is a material-related parameter which varies linearly with shear force
in Newtonian fluids and nonlinearly in non-Newtonian fluids. Shear rate plays the
same role as shear force where the increasing of shear rate decreases the viscosity
within non-Newtonian fluids as shown in Fig. 4.11 and also Fig. 4.16. For ideal
Newtonian fluids, the viscosity number is independent of shear rate [7, 32].
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a

Fig. 4.14 Typical optical micrographs to show the effect of pouring temperature on the morphol-
ogy of primary a-Al particles. Dendritic, rosette, globular (from 695 to 615 °C) [67]

The implementation of shear force and the resulting agitation of the slurry are
brought about by different means which explained earlier in Chap. 2 for a range of
SSM processes. Application of shear force also plays an important role during the
course of preparing the primary feedstock for thixo- and rheo processes, where the
mechanical rheocaster or agitator is the means by which the SSM billets are
produced [71]. Swirling is another example of external force which not only
induces shear stresses, but also brings thermal homogeneity within the SSM slurry
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Fig. 4.16 The effect of
shear rate on the viscosity of
SSM slurries having similar
fraction solid and globular
morphology and tested
within the same range of
shear rates [38]
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and establishes shallow temperature gradient to alleviate nucleation barrier within
the bulk liquid. In addition, swirling may assist in disintegration of secondary and
tertiary dendrites. Such phenomenon resulted in equiaxed grain growth in SSM cast
billets with distinct deformation and flow characteristics (e.g., [72]).
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Prasad et al. [73] have proposed a correlation (4.19) between particle size and
fraction solid, cooling rate, and shear rate, which is in good agreement with
experimental results. It is a useful tool to predict the effect of process parameters
on the particle size.

oD’ (1, - T)"* —f, 3o —c,\ P
= <(1—fs)1n(1—fs)> <co—cs> (4.19)

where d is the particles diameter, D, is liquid diffusivity, T is the liquidus temper-
ature of the alloy, T is the temperature in the semi-solid region, C, is the bulk liquid
composition, C; (4.21) is liquid composition at the interface, C (4.22) is the mean
composition of the solid formed, T is cooling rate, y is the shear rate, and f; (4.20) is
the fraction of solid. The value of ® in (4.19) cannot be found from theoretical
analysis as its value is dependent on the relationship between the fluid flow velocity
and the velocity for particle—fluid slip. This relationship is not well defined, and
therefore the value of @ must be determined from the best fit of experimental data.
However, Prasad et al. [73] pointed out that a detailed computer analysis of the
experimental data suggested that for a Couette viscometer-type rheocasting system

the empirical value of @ can be taken as Oc'g}f .
0
1
: To—T/|™F
=1- 4.20
= (4.20)
Co
Cl=F"7—"—7— 4.21
T 20
Cg:CO[l _(1 _f_v)‘]/c{l _(1_k)fs}] (422)
N

where T, is the melting point of the pure solvent metal and £ is the solute partition
coefficient.

Shearing time (t)

For constant shear rate tests, the changes of viscosity are dependent on the duration
time of shearing. Based on the stirring time, the rheological behavior of SSM
slurries may be divided into two stages of transient and steady state. In the transient
state, the viscosity is a function of time but in the steady-state condition, viscosity is
constant and is only proportional to shear rate [10].

In more detail, the dynamic interactions among the solid particles result in the
formation of agglomerates. The newly formed agglomerates may collide together to
generate newer agglomerates with even larger size under viscous forces. Parallel to
agglomeration, the already agglomerated particles may also break up,
deagglomerate giving rise to agglomerates of a smaller size. At a particular time,
the degree of agglomeration between solid particles depends on the nature of the
system including particle size, its volume fraction, and the external flow conditions.
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Fig. 4.17 Comparison of
calculated transient state
viscosity of Sn15%Pb alloy
with solid fraction of

0.4 under different shear
rates (s~ ') as function of
shearing time [19]
(reprinted by permission

of Taylor & Francis Ltd)
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At steady state, the degree of agglomeration is a direct result of the dynamic
equilibrium between two opposing processes of structural buildup (agglomeration)
and breakdown (deagglomeration) [59]. This condition is accessible after sufficient
time from the beginning of shearing the slurry. But in transient state, which occurs
at a time between the start of shearing and steady-state condition, there is not
equilibrium between agglomeration and deagglomeration processes and the mea-
sured viscosity of slurry varies with time of stirring up to steady-state condition.
The amount of transient time is dependent on the amount of induced shear force and
decreases with increasing shear force. Other parameters such as shear rate can
affect steady state and transient state conditions as seen in Fig. 4.17. It is clear that
with increasing shear rate the slurry reaches steady-state condition at shorter
time [19].

Cooling rate and holding temperature and time
Cooling rate, T, shows the speed of heat extracted from slurry. It is well established
that the magnitude of cooling rate has direct effect on the rate of solid formation or
growth rate R. Increase of cooling rate causes increasing of growth rate and
promotes dendritic solidification. The formation of dendrites and eventual dendritic
skeleton increases the viscosity of slurry in comparison with the same fraction solid
at lower cooling rate where the formation of a 3D skeleton is postponed. Figure 4.18
shows the effect of growth rate and temperature gradient on the solidification
morphology of Sn—Pb alloy [4].

Holding temperature is the parameter to control the fraction solid in mushy zone.
The relationship between the holding temperature and fraction solid may be
determined by lever rule, Scheil’s equation, thermal analysis, or microscopic
examination of quenched specimens. It is clear that higher fractions solid cause
greater viscosity values [40] as shown in Fig. 4.15. It is also apparent that higher
shear rate values are needed to compensate for greater fractions solid if the viscosity
remains the same [7, 32].

It is not easy to differentiate between the effects of temperature and fraction
solid on the viscosity of slurries due to their intertwined close relationship in mushy
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state. However, there is an inverse relationship for temperature and viscosity,
(4.23), where higher temperatures impart lower viscosity values. This equation is
only valid for systems where there is not any phase change due to temperature
variation as, for instance, in polymeric materials.

AE
- o 4.23
1 = 1,exp ( RT) (4.23)

Where AE, n,, R, and T are the activation energy, initial viscosity, the gas
constant, and temperature, respectively.

Holding time (isothermal) is another parameter which affects viscosity due to
particle growth. Particle growth in SSM slurries can take place by coalescence,
Ostwald ripening, or a combination of both mechanisms. The growth rate of Al-Si
alloys in the SSM condition is almost invariably controlled by cube law of the type
R = k.t [74], where the kinetics rate constant is given as (4.24):

8 I'Dy,
Where f(f,) is a function of the solid fraction (its value for globular a-Al
particles in A356 is 3.17), I is the capillary constant (2 x 1077 mK), D, is the
solute diffusivity in the liquid (3 x 107” m? s™'), M, is the liquidus line slope
(6.8 K/at.%Si), Cy is the solute concentration in the solid phase (1.3 at.% Si), and C,
is the solute concentration in the liquid phase [74].

Sample size
Generally the sample size effect on viscosity is not a matter of concern if the
homogeneity of temperature and shear rate distribution within the sample is
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maintained. Nonetheless it is preferred to perform tests on small size specimens to
reduce the cost of testing, since for larger specimens more powerful machines are
needed. In addition, smaller specimens may render less diverse results. In rotational
viscometry for example, the distance of the annular gap between outer cylinder
(cup) and inner cylinder (bob) [7, 32, 33, 51] is always preferred to be as close as
possible to make the shear rate distribution more homogenized within the slurry
during rotation.

Parallel plate compression viscometry method [75, 76] also uses small size
samples. Such matter refers back to mathematical calculation of viscosity for
cylindrical samples under parallel plate compression test. Such calculation has
been done for Newtonian and non-Newtonian fluid assumption. The mathematical
solution is always based on the samples with & << R (h =height and R =radius) to
reduce mathematical complexity. In fact the term v, the velocity along z axis, is
neglected against radial velocity, v,, and the continuity and momentum equations
are solved. The effect of sample size was also studied at authors’ laboratory using
parallel plate viscometry. Lashkari et al. [36, 41] reported that one of the most
important aspects of rheological testing is to confirm the irrelevance of sample size
effect on the viscosity of SSM billets, at low shear rates, less than 107257 ", Two
different sets of sample sizes with the aspect ratios of 0.4 (10 mm height 24 mm
diameter), similar to those reported in the literature, and 1.8 (140 mm height 75 mm
diameter) were prepared and compressed under the same initial pressures, holding
temperature, 595 °C, and fraction solid, f; of 0.33. Based on the assumption of
“axial flow is negligible against the radial flow” during quasi-steady-state defor-
mation, it was confirmed that large-scale samples could also be used during parallel
plate compression viscometry to study rheological behavior of SSM billets through
calculation of viscosity. It was also summarized that the sample size is not the
important parameter as given below.

¢ Morphological evolution due to manipulation of pouring temperature has the
greatest effect on the deformation behavior of the SSM A356 alloy where
viscosity value decreases from dendritic to globular morphology.

« In the context of sample size, reheating of the thixocast samples may bring about
minor morphological and size changes in the primary a-Al particles which could
affect the viscosity value. This is particularly true for dendritic morphology
while for rosette and globular morphologies the changes in viscosity value due to
reheating are negligible.

e The viscosity numbers for the globular morphology prepared at low pouring
temperature of 615-630 °C are the same in both rheo-billets (140 mm height
75 mm diameter) and thixo-disks (10 mm height 24 mm diameter) to confirm the
irrelevance of 4 < d criterion and the reliability of parallel plate compression
test to determine viscosity of SSM slurries.

e The most important parameter to influence the flow characteristics of SSM
slurries is the morphology of the primary phase, not the sample size.
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4.2.3 Testing Methods

Viscosity is the main parameter to study the rheology of semi-solid metallic alloys.
It is an indication of semi-solid metal capability in filling the mold and determines
the required force for deformation and material flow. During conventional solidi-
fication viscosity rises up steadily with increasing solid fraction till the point where
the solid can no longer move freely, dendrite coherency point (DCP), and the
already solidified segment tends to develop strength.

In SSM processing, the DCP is postponed due to the forced convection or
shallow temperature gradient within the melt through prevention of dendritic
network development. The breakdown of dendrites due to stirring coupled with
multi directional growth of fragmented dendrites due to more uniform temperature
distribution within the mold, i.e., shallow temperature gradient, resulting
from forced convection, encourages the formation of equiaxed grains, thus post-
poning the rapid rise of viscosity to higher fraction of solids as reported by Spencer
et al. [7], in their pioneering work on the rheology of Sn15%Pb alloy during
early 70s.

There are mainly three experimental routes to characterize the microstructure of
SSM billets through analysis of their rheological behavior. They basically relate
flow characteristics of SSM billets to its microstructure and viscosity. These are as
follows:

1. Fluidity measurement
2. Viscometry
3. Cutting force measurement

4.2.3.1 Fluidity Measurement

For semi-solid metal slurries, the concept of mold filling, fluidity, is a critical issue,
since as the concentration of solid fraction increases beyond 0.4-0.5, the viscosity
increases so rapidly that makes die filling almost impossible. Furthermore, the
behavior of the semi-solid alloy is more complex than one that is fully liquid due
to its non-Newtonian nature. Therefore, it is not advisable to use the findings on the
fluidity of molten alloys for semisolid metals, although the overall concepts of
fluidity may apply for semi-solid metals as well.

The fluidity of molten metals has been widely studied (e.g., [4, 13, 14]) and it is
well known that there are the molten metal factor (temperature, viscosity, and latent
heat of fusion), the mold-metal interaction (heat flow, thermal conductivity, heat
diffusivity, and mold temperature), and finally the test variables (metal head height,
channel size, and pouring characteristics including pouring speed) that influence the
fluidity. Despite the extensive work carried out on different areas of SSM
processing, very few studies have been focused on the fluidity concept [77-83]. It
is believed that the solidification mode of semi-solid slurries in a fluidity channel is
similar to that of fully liquid alloys and that the slurry flow is stopped by a critical
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Fig. 4.19 Effect of sampling temperature on the fluidity distance for: (a) mechanical stirring, (b)
SEED process, and (¢) image of SEED fluidity test results, 356 Al-Si alloy ([78], reprinted with
permission of The Minerals, Metals & Materials Society)

solid concentration near the tip of the flow where the solidification is most
progressed [79]. Authors studied the fluidity of 356 Al-Si SSM slurries prepared
by mechanical stirring and SEED process and showed that the fluidity is directly
related to temperature as higher temperatures result in less solid fraction and thus
higher fluidity, see Fig. 4.19 [78].

As expected, the distance travelled by the slurry increased with temperature.
However, the nature of slurry flow within the glass tube is different for mechan-
ically stirred and SEED processes. For mechanically stirred tests, it appears that as
temperature is reduced, the initially formed solid particles acted as filter for the
liquid since there is a tendency for agglomeration. Furthermore, the percentage of
primary a-Al particles detected within the fluidity samples is only 20 % at its
maximum. When compared with the actual solid fraction at temperatures for this
alloy, it was clear that more than half of solid particles could not enter the tube
used to take slurry sample at the partial pressure of 70 mmHg (used in this study).
This was due to agglomeration for mechanically stirred samples and also the
increase in particles size with reducing temperature. These particles are then
appeared to have acted as filters and thus prevented solid particles entering the
tube. Such behavior may suggest that fluidity test of this nature is not a true
representative of the slurry characteristics.
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4.2.3.2 Viscosity Measurement
Viscometry

There are several test procedures to study the viscoplastic behavior of SSM slurries.
These methods are based on measuring the viscosity of slurries and are divided into
two main categories depending on the fraction solid, i.e., low fraction solid up to
0.4, and high fraction solid, in excess of 0.4-0.5 [19]. The simplest methods to
measure the viscosity of low fraction solid slurries are the direct methods of
rotational viscometry where the induced torque in the slurries is measured.

Since the introduction of viscosity concept by Newton, nearly 200 years elapsed
before the first practical rotational viscometer was devised by Couette in 1890
[9]. Couette concentric cylinder viscometer consisted of a rotating cup and an inner
cylinder which was supported by a torsion wire and rested in a point bearing in the
bottom of the cup. This viscometer was a large device with an inner radius, Ry, of
14.39 cm and an outer radius, R, of 14.63 cm. Couette design enabled him to
calculate the apparent viscosities of non-Newtonian fluids with only a small error
because of the very small ratio of gap to inner radius. In Couette-type viscometers,
rotation of the cup while holding the bob stationary produces shear stress on the
surface of the bob which are measured as torque. Figure 4.20a shows the schematic
of the apparatus which was used by several researchers [7, 32, 74]. There is another
type of cylindrical viscometers, Searle type viscometer, which is slightly different
where the cup is stationary and the bob or inner cylinder rotates and induces shear
into the melt or slurry. In both apparatus, the temperature of slurry during stirring
process is maintained almost constant by using electric heating elements inside the
body of the apparatus. Temperatures are controlled by using thermocouples which
are embedded in different sections. Figure 4.20b shows schematic of Searle-type
viscometer used by other researchers [23, 33, 51, 61, 62].

Mathematical Treatments

In order to arrive at the fundamental equations for coaxial rotational viscometers,
the following assumptions are made [7, 33, 34];

» The liquid is incompressible

» The motion of liquid is laminar

» The streamlines of flow are circles on the horizontal plane perpendicular to the
axis of rotation (the velocity is only a function of radius)

» The motion is steady

» There is no relative motion between the surface of the cylinders and the fluid in
immediate contact with the cylinders, no slippage

» The motion is two-dimensional

» The system is isothermal



4.2 Rheological Characterization 115

a b

<— Torque-meter

Stationary cylinder I <— Torque-meter

Rotary cylinder =——p

Rotary cylinder —p <+— Stationary cylinder

Fig. 4.20 Viscometers; (a) Couette type with rotary outer cylinder, (b) Searle type with rotary
inner cylinder [40]

With such assumptions in both methods the apparent viscosity is calculated by a
set of equations (4.25, 4.26 and 4.27) given below using torque data [7, 33, 34].

T
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Where T is the measured torque, L is the liquid height inside the cylinder, y is
shear rate, Q is angular speed of rotor, 7 is apparent viscosity, 7; is inner cylinder
radius, r, is outer cylinder radius, and r is the actual annular gap radius. There are
problems to use coaxial rotating viscometers which are for fluids whose viscosity is
related to the geometry of instrument. This is because of the change of shear rate
across the gap from the region of higher stress to that of lower stress. Use of the
mean rate of shear is permissible only for Newtonian and plastic fluids. Because
there is no set relationship between stress and shear rate for pseudoplastic and
dilatant fluids, the actual shear rate, presented at (4.26), at any point in the gap
cannot be estimated except for extremely small gaps.

Torque measurement is useful to investigate the dendritic coherency point
during equiaxed/dendritic solidification. The coherency point is determined as the
critical point where the torque increases sharply [48].
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Parallel Plate Compression Test

For the high solid fraction slurries, the viscosity is not generally measured by the
rotational viscometers. Such self-standing billets (slugs) are more rigid and can
only be characterized by other methods including parallel plate compression test
[36, 38, 75, 76, 82—-89], direct or indirect extrusion [27, 85, 90, 91], indentation test,
tensile test [92, 93], and cutting tests [94].

The most common way to examine rheological behavior of paste-like materials
is by parallel plate compression test. In this method, a dead weight is simply applied
on the top surface of SSM slug and its deformation behavior is investigated by
analyzing strain variation versus time [95]. The resulting strain—time graph is
further treated mathematically to calculate viscosity and characterize the rheolog-
ical behavior of tested alloy. The interpretation of results obtained from such graphs
can be treated differently depending on the assumption of the SSM slurries behav-
ing as Newtonian or non-Newtonian fluids. In the case of low applied shear rates,
less than 0.01 (s™'), the resulting graphs could be treated similar to that of
Newtonian fluids [75] with the following equations to calculate the viscosity of
the semi-solid cylindrical billets.

The classical Newton’s law of viscosity (4.2) was rewritten in terms of the
applied force, F' (4.28), for a cylindrical sample squeezed between two parallel
plates, and with the assumption of the billet not filling the space between the two
plates during the course of deformation [21]:

3pV? (dh
F=— — 4.28
27hd (dl ) ( )
Integrating (4.28) for h = hg at t=0and h=h at t=¢, (4.29), and knowing the
initial pressure, P, = £ ‘1}“, at the onset of deformation, the viscosity—time relation-

ship is given in (4.30):
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The viscosity is calculated as the inverse slope of a graph where the left-hand side

of (4.30), [(gl‘g}) (% — h%)}, is plotted against time, (). For Newtonian fluids, the

average shear rate, y,,, at any instant during compression test is calculated

as (4.31) [21]:
. V /dh/dt
Vav = _\/;<2h—/25) (431)

(4.29)
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where v\, n, V, h,, h, F, and t are deformation speed (ms_l), viscosity (Pa-s), volume
of specimen (mm?), initial height (mm), instantaneous height (mm), applied dead
weight (NV), and deformation time (s), respectively. The mathematical solutions
employed to reach the above-mentioned equations, (4.28)—(4.31), could be found in
Appendix A [38].

If the SSM billets are treated as non-Newtonian fluids, the solution to the flow
equations for cylindrical sample squeezed between two parallel plates is as follows

(see Appendix A):
2n
h 3n+ 5\, w1 |
b {1 + ( ”2:: )kho”lt} (4.32)

el e

Equation (4.32) is only valid for deformation under steady-state condition where
the engineering strain changes linearly with time. (4.32) could be further treated
mathematically [38] to include engineering strain (e) as given in (4.34).

2n 2n 3n+5 owu
log(l —e) = — logt — 1 kh," 4.34
og(l —e) (3n + 5) o8 (3}1 ¥ 5> og( m e ) (4.34)

In order to calculate the values of m and n, the logarithmic of engineering strain,
log (I —e), should be plotted against time, log #, and the slope of such graph and its
intercept with strain axis should provide the necessary means to calculate m and
n [21]. Figure 4.21 shows schematically a parallel plate compression test machine
and the actual in-house designed and fabricated of a large-scale parallel plate
compression machine to characterize the microstructural evolution of SSM pre-
pared billets (slugs) [95].

For rheological tests, the as-poured billets were transferred (at temperature
598 £2 °C) and compressed uniaxially in the parallel plate compression test
machine by applying 2.2 kg dead weight at 598 2 °C. The applied force and
resulting displacement were monitored using a load cell with 0.02 % precision and a
displacement transducer with £(0.1-0.2)% full stroke precision. A cylindrical
furnace was installed on the press bed to keep the billet temperature constant during
the compression tests. The furnace was equipped with quartz heat-resistant win-
dows to allow one to view the billet. Two K-type thermocouples were positioned
within the furnace to control the chamber temperature with a precision of +2 °C.
All samples were taken out of the furnace after 10 min of compression and
quenched in water to room temperature.

where
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Fig. 4.21 Schematic (a) and a real overview of the press (b) [95]

Drop Forge Viscometry

Drop Forge Viscometer is a special case [84, 86] of parallel plate compression test
where similar equations are used to calculate the viscosity. Such instrument
is designed to provide a wide range of shear rates for viscometry tests, 10>
to 10* (s 7). Usually the high shear rate tests is performed within thousandth of
second and can just investigate the transient part of the viscosity for thixotropic
SSM materials. The developed equation used in such manner is given in (4.35)
as a modification of (4.28):

d’h —3pV?* (dh
(G + ) = s () (435)

Where m,, is the mass of upper plate and g is gravitational acceleration. After
calculating the derivatives and knowing the variables in (4.35), the viscosity can be
calculated as a function of time.

Sherwood et al. [96, 97] have also developed mathematical equations to
calculate viscosity of non-Newtonian materials squeezed plastically between two
parallel plates, where the squeezed material fills the space between two platens.
Assuming “of” as the friction stress in plate/work piece interface and “c,” as the
yield stress of the material, the following equation (4.36) is presented to specify
the deformation behavior of the substance during compression viscometry.
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where F is total force required to compress the material, /,, is initial height, and r is
the radius of circular platens, where the squeezed material fills the space between
them. The force, F, is independent of the compression rate, (i—];), as should be
expected from an analysis based upon rate-independent plasticity theory. Kolenda
et al. [83] have also used similar equation as (4.36) for evaluating the viscosity of
two types of ceramic powders blended together as a ceramic paste. The resulted
data indicated the ceramic paste behaving as non-Newtonian materials.

Direct and Indirect Extrusion

Extrusion tests may also be used to study the ability of the SSM billets to fill die
cavity by providing information on the viscosity of semi-solid material. Figure 4.22
illustrates extrusion tests schematically along with related graphs [90, 93]. More
experimental details and suitable theoretical treatments, mathematical equations,
for such methods are accessible in the literature [74, 90, 93, 98].

Direct Extrusion Indirect Extrusion

®  Experimental (L/D = 1)
O Experimental (L/D = 4)
¥ Experimental (L/D = 8) s
Theoretical (L/D = 1) -
...... Theoretical (L/D = 4) - 30
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Fig. 4.22 (a) Different ways of extrusion viscometry, (b) Pressure versus Extrusion velocity
graph, comparison of theory and experiments at different dimensions [90], (¢) Flow stress versus
strain rate graph at different fraction solid [91]
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Fig. 4.23 Results of the indentation test for (a) constant penetration speeds and different fractions
solid (b) different penetration speeds and constant 0.86 fraction solid [92]

Indentation Test

Indentation test is another simple way to study mechanical properties of SSM slugs.
In this method, the depth of penetration of a steel cylinder under a constant pressure
in the semi-solid billet is taken as an indication of viscosity of the alloy. This is a
simple test and can be commercialized for online testing of SSM billets. Figure 4.23
shows the effect of testing parameter and fraction solid on the indenter/SSM billets
interaction [92]. The following equation (4.37) was used to calculate the viscosity
of SSM specimens during indentation test:

_ 16z[(1 — v?)F]

4.
oré (4.37)

n

where v is Poisson ratio, F is the applied load, r is the radius of cylindrical indenter,
and ¢ is the strain rate. It has been shown the pseudoplasticity behavior of Al-4%Cu
alloy around 0.82-0.85 fractions solid and solid-like behavior for fractions in
excess of 0.85 [92].

Some researchers have also applied the tensile test method for rheological study
of semisolid materials [92]. However, both of tensile and indentation tests are not
suitable for fraction solid less than about 0.85 [16, 92]. The indentation test is
similar to compression tests with more constraints.

Lahaie et al. [99] proposed a physical model to show the relationship between
tensile strength and semi-solid parameters, (4.38):

e (N f - fo -
=5 () (- ) 2+ (E)e)

(4.38)

Thus, from (4.38), the mechanical response, i.e., tensile strength (o), of the semi-
solid body is dependent on the viscosity of intergranular liquid, #, the applied strain
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rate, &, the accumulated strain, e, the solid fraction, f; and a microstructural
parameter, m, bounded by the values 1/2 and 1/3, corresponding to columnar and
equiaxed microstructure, respectively. A similar equation has also been used by
Wahlen [27] during compressive rheological test of aluminum alloys.

4.2.3.3 Cutting Force Measurement

The apparatus is basically designed as a quality control tool in production line. In
this method, semi-solid slurry is cut by a steel blade or wire. The machine has a load
cell to measure the force and sensors to determine the speed as well as the
wire/blade tension. The speed of cutter to pass through the SSM billet and the
resistance of slurry against the passage of cutting blade, the force to be exerted on
the blade, is an indication of microstructural feature [52, 94]. Figure 4.24a shows
the apparatus during a test. Figure 4.24b describes four indicators used to charac-
terize the cutting curve:

(a) The maximum force

(b) The peak distance

(c) The area under the curve for the first half diameter of the slug corresponding to
the cutting energy

(d) The central force relating to the average cutting force at the center of the slug
(between 30 and 40 mm)

An example of the results is presented in Fig. 4.25a for three pouring temper-
atures of 675, 655, and 635 °C for A357 aluminum alloy (test performed at
590 °C billet temperature). A higher pouring temperature results in more den-
dritic microstructure which is expected to put more resistance against the blade to
cut through the billets than globular microstructure. The average value for all
four indicators increase with the pouring temperature and one example is
presented in Fig. 4.25b.

Peak distance

F
g%g ///C}tr?l force
VAL

Distance

Fig. 4.24 (a) Cutting test, (b) schematic of a typical Force-cutting distance with four indicators [52]
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Fig. 4.25 (a) Force-displacement curves obtained at various pouring temperatures, (b) maximum
force - pouring temp for different cutting temperatures [52]

4.3 Micro/Macro Structural Analysis

In addition to thermal characterization of the solidification process during SSM
processing and rheological analysis of the as-cast SSM billets, the quality of
semifinished SSM billets or the finished SSM products may be studied by macro
and microstructural analysis of the constituent phases.

In order to generate a semi-solid structure, the alloy system plays the key role
where the coexistence of liquid and solid within a temperature range is the prereq-
uisite for the slurry preparation. The mechanics and mechanisms of the primary
particles’ evolution, dendrite-to-equiaxed transformation, is the next concern since
the formation of globular morphology is expected to enhance die filling and
improve mechanical properties of as-cast parts. The ideal microstructure for SSM
slurry is fine, spherical solid particles uniformly distributed within a liquid matrix.
The solid fraction should be considered carefully, since low fraction solid may lead
to handling and mold filling difficulties due to insufficient viscosity and turbulence
while high fraction solid may have die filling troubles or increase the cost of
machinery.

Based on the aforesaid requirements, characterization of semi-solid material is a
necessity to confirm, modify, and obtain an optimum structure for SSM component
shaping process. This knowledge not only provides an idea about the material, but
also leads to better understanding of rheological behavior and eventually improve
the mechanical properties of cast pieces. This is the main theme of this section
where qualitative and quantitative metallography principles are implemented to
further characterize SSM billets and products [100].
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4.3.1 Qualitative Metallography

In order to be able to accurately characterize SSM microstructure, it is necessary to
understand the features and complexity of the resulting solidified structures and be
able to differentiate between the observed two-dimensional (2D) structure and the
actual three-dimensional (3D) morphology.

Normally after initial visual inspection, the microstructure of the solidified alloy
is observed on the plane of polished surface using optical microscopy. The 2D
analysis may not present a complete picture of the structure and sometimes could
lead to invalid conclusions. This is particularly true for cases where in spite of a
well distributed primary phase in 2D plane, the interconnectivity of isolated pri-
mary particles from underneath the plane of polish has resulted in misleading
conclusions on the process efficiency.

In literature, there are different techniques employed to reveal the true morpho-
logical evolution of primary phase including reconstruction of 3D images by serial
sectioning, X-ray micro-tomography, and finding the crystallographic orientation
relationships by electron backscatter diffraction pattern (EBSD).? Serial sectioning
is a destructive technique based on the successive grinding and polishing of the
sample with capturing the consequent images. The major difficulties are calibration
of the sectioning distance and also the working frame. These shortcomings are
overcome by automatic polishing procedure and drilling guides and controlling
holes perpendicular to the polished section. The morphology of primary particles
together with their possible interconnectivity is characterized based on the position
and shape of each feature along these serial sections. The final 3D image is
constructed with the support of computer software [103—107]. An example is
presented in Fig. 4.26.

For 3D visualization, X-ray microtomography was developed by Suery and his
coworkers at Grenoble, France. The nondestructive technique is based on the X-ray
beam passing across the sample with consequent capturing the transmitted image
by a CCD or CMOS camera. The specimen is placed on a high precision rotating
table in the trajectory of an X-ray beam. Part of the X-rays is absorbed whereas the
transmitted X-rays are converted into visible light using a scintillator. The sample is
then rotated over 180° or 360° and during this rotation, sufficient projections are
recorded. The final stage is the same as serial sectioning method which is retrieving

3Electron Backscatter Diffraction “EBSD” is a technique which provides crystallographic infor-
mation by analyzing crystalline samples in the scanning electron microscope “SEM.” In EBSD, a
stationary electron beam strikes a 70° tilted sample and the diffracted electrons form a pattern on a
fluorescent screen. This pattern is unique to the crystal structure and orientation of the sample
region from which it was generated. The diffraction pattern is used to measure the crystal
orientation, grain boundary misorientations, discriminate between different materials, and provide
useful information about local crystalline perfection. By scanning in a grid across a polycrystalline
sample and measuring the crystal orientation at each point, the resulted map will reveal the
constituent grain morphology, orientations, and boundaries. In addition, the data shows the
preferred crystal orientations (texture) present in the material [101, 102].
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Fig. 4.26 Three dimensional morphology of A356 slurry reconstructed by serial sectioning of
60 consecutive images (Courtesy of Prof. Xiangjie Yang) [107]
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Fig. 4.27 (a) Principle of tomography, (b) synchrotron and laboratory tomography [108]

a 3D image of the sample [108]. In this method, the contrast between the phases is
directly related to the atomic number difference between various phases and the
fact that solid and liquid have good absorption contrast due to the large difference in
chemical compositions. Previously, the technique was used at room temperature
however by the development of the technique, in situ scanning in the semisolid state
is viable [108-110].

According to Salvo et al. [108], tomographs are classified into two categories
(Fig. 4.27): laboratory tomographs with divergent X-ray beam and polychromatic
and the synchrotron sources (ESRF, SOLEIL in France, SLS in Switzerland, Spring
8 in Japan, etc.) where the X-ray beam is parallel, polychromatic, or monochromatic.

Kareh et al. [109] used synchrotron X-ray tomography to study the deformability
of All15Cu during indirect extrusion process in a small scale. The specimen
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originally heated to ~5 °C above the eutectic temperature for 200 h. A specimen
from original material then heated to 10 °C above the eutectic temperature at
around 558 °C to form 0.73 solid fraction. It was then held for 5 min before
isothermal indirect extrusion at a ram speed of 0.01 mm s~ '. Figure 4.28 presents
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Fig. 4.28 (a) Experimental setup showing the actual machine and schematic of the compression
setup “(1) ram, (2) boron nitride extrusion die, (3) specimen, (4) container, (5) thermocouple” (b)
microstructure at three instances during semisolid extrusion (left is “xz” slices, right is 3D
rendering of the solid) (a-Al gray, Cu-enriched liquid white, and pores dark) [109]
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three snapshots in time showing filling process as well as a 3D rendering of the
separated a-Al globules extruding upward only.

A modern technique is based on the automated serial sectioning using Focused
Ion Beam (FIB) and generating crystallographic information with electron back-
scatter diffraction (EBSD) which is installed in a combined FIB-SEM instrument.
The process of FIB slicing and EBSD mapping is repeated several times before
assembling the individual 2D information together into a 3D viewer. By using this
technique, it is possible to Ion-beam mill a series of slices followed by mapping
them by EBSD and using computing software for 3D crystallographic maps. This
allows the quantification of the spatial distribution of various crystallographic
features of the microstructure [111, 112].

The current section is mainly concerned with microstructural characterization of
the SSM cast parts where certain complexities may generate misleading results.
With the polarized light microscopy” [113] and image analysis, it is tried to
differentiate SSM microstructural features to render more reliable characterization
(in addition to microscopy-based routes, there are rheological tests, as production-
line quality checks, to differentiate between globular and dendritic structures which
was elaborated comprehensively before).

4.3.1.1 Dendritic and Nondendritic Distinction

Occasionally and depending on the process parameters, solidification conditions
may lead to dendritic growth in all or portions of the semi-solid billet, as for
example the most prone area for dendritic solidification is near the mold wall. As
aresult, the final polished microstructure may show dendrites’ main trunks and their
branches. Also in some segments, isolated individual globules could be observed
which are not real globules. Hence, the way dendrites intersect the polished surface
may generate numbers of pseudo individual and isolated particles (Fig. 4.29).

The conventional bright field and polarized light micrographs in Fig. 4.30
confirm the deficient nature of analysis carried out on 2D sections. The dendrite
secondary branches are treated as individual and isolated particles if processed by
an image analyzing system. This leads to erroneous calculation of parameters
attributed to particle size and morphology such as average circular diameter and
sphericity where a dendritic structure is wrongfully interpreted as globules.

“Metallographic etching is defined as the procedure required to be implemented to expose
particular microstructural features of interest which normally are not evident in the as-polished
condition. Anodic oxidation “anodizing” is an electrolytic etching depositing an oxide film on the
surface and developing grain coloration that is detectable by cross polarized light. It was noted that
in certain nonferrous alloys that have noncubic crystallographic structures such as magnesium,
titanium, and zirconium, grain size can be identified efficiently in the polished condition while this
is not possible for metals with cubic, isotropic crystal structure (using polarized light). Anodized
surface films on cubic metals, such as aluminum, are usually examined under polarized light to
reveal grain contrast [113].
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Fig. 4.29 3D view of

dendrite-polished surface < Cutting Direction
intersection (reprinted with )
permission of The Minerals, =
Metals and Materials
Society) [100] \-’) \/ U
|~

Fig. 4.30 Branches of dendrite with: (a) bright field, and (b) with polarized light, A356 alloy,
quenched from 598 °C

Another case to explore the difference between dendritic and globular morphol-
ogies is using electron backscatter diffraction (EBSD) analysis as shown in
Fig. 4.31. These grain maps belong to two different pouring temperatures
(690 and 625 °C) for 356 commercial Al-7%Si alloy (melting temperature is
around 615 °C). In EBSD, grains have different interpretation from that of the
traditional metallography. In this method, two neighboring scan points belong to
the same grain if the crystallographic misorientation between them is less than a
defined value (normally 10 or 15°) [101, 102].

4.3.1.2 Pseudo-Globule

Primary particles in semi-solid microstructure have complex morphology. For
instance, the particle that is supposed to be one globule may be interconnected to
other globules and thus the proper nomenclature for such particle is “pseudo-
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Fig. 4.31 Grain mapping of two different pouring temperatures for 356 commercial Al-7%Si
alloy, (a) 690 °C, and (b) 625 °C (melting temperature is around 615 °C) (each grain is assigned a
color to distinguish them from other neighboring grains) (black scale bar is 500 pm)

Fig. 4.32 Formation of cramped dendrite: (a) bright field illumination, (b) polarized light, A356
alloy quenched at 598 °C

globule.” The concept of pseudo-globule could be easily understood by comparing
different particles seen in the optical micrograph of Fig. 4.32. The typical encircled
globules appear to be isolated. However, polarized light microscopy distinctly
reveals the isolated particles have identical color contrast, and therefore originated
from one particle.

This phenomenon is more prevalent in stir-based processes such as mechanical
or electromagnetic stirring routes. By stirring, the resulting forced flow obliges the
preformed dendrites to break up by mechanical fragmentation [4] or dendrite root
remelting mechanisms [114]. However, if the applied shear force is not sufficient
enough to disintegrate the branches, they may plastically bend to form the so-called
cramped dendrites. Therefore, it is expected to have different colors for the isolated
particles in the former case, true isolated particles, while similar color contrast
should be expected in the latter case, cramped particle. The pseudo-globules seen in
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Fig. 4.32 may have their origin in the cramped dendrites. These particles are not the
result of agglomeration of isolated spherical particles since they have the same
color contrast and therefore an interpretation based on the bending and intertwining
of dendrites could be a valid conclusion. The only justification for such isolated
particles is due to the metallographic 2D sectioning. Pseudo-globules have a key
role on the rheological properties of SSM slurries and results in higher viscosity.

Breaking and fragmentation of primary dendrites by mechanical stirring is the
original route for SSM processing. However in such structures, there are large
primary agglomerations which have very complex shape. These groups of primary
particles seem to have formed due to agglomeration of small and individual
particles which is not an accurate assumption. Investigation on agglomerated
particles goes back to the work of Ito et al. [106] on particles formed during
mechanical stirring of Al-6.5%Si. The prepared SSM slurry was sheared at a rate
of 900 s ' for 2 h at 0.2 fraction solid and then quenched. The quenched sample was
polished and examined in successive sections of 10-20 pm apart. By reconstruction
of the 3D model from such serial sections, particles which appear to be isolated are
actually interconnected to others. Figure 4.33 is a 3D reconstruction of this micro-
structure showing the bulk of the particles in the region studied are interconnected
to form single agglomerate.

The idea was verified [58] by finding the crystallographic orientation relation-
ship between agglomerate particles in Al-6.5%Si using electron backscatter dif-
fraction technique, EBSD. In the same study, it has been stated that all particles
belonging to the same agglomerate are related either by low angle grain boundaries

Fig. 4.33 3D reconstruction showing the interconnection of single agglomerate (reprinted with
permission of The Minerals, Metals and Materials Society) [106]
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Fig. 4.34 Agglomerate of ten particles. The bonds marked (-) indicate a low angle grain boundary
(0-10°), while bonds marked (=) indicate a misorientations of 60 4= 5° with the rotation axis close
to the [111] axis (reprinted with permission of The Minerals, Metals and Materials Society) [58]

with misorientations less than 10° or by misorientations about 60° around the [111]
axis which corresponds to coherent twins. Figure 4.34 and Table 4.3 show an
agglomerate of ten particles in which all particles have at least one neighboring
particle with one of the two observed orientation relationship. As for instance,
particle number 9 has an orientation relationship to particles 2, 3, 6, 7, and
10 corresponding to a low angle grain boundary, while it has an orientation
relationship to particle 1 corresponding to a coherent twin boundary. This confirms
that particle 9 is connected to the rest of the particles associated to the agglomerate
through the third dimension [58].

In another study, Niroumand et al. [103] used Al-10.25%Cu and mechanical
stirrer and by serial sectioning proved that the microstructure of slurry consists of
pseudo-particles / clusters in polished surface. Many researchers have interpreted
this phenomenon as a process of agglomeration of small globule particles and
identified them as single primary grains, but in reality, the majority of these
particles were interconnected from underneath (3D) three dimensionally. Fig-
ure 4.35 shows a pseudo-cluster and resulting 3D model of the sample indicating
the structural complexity.

As described earlier, X-ray microtomography is a real-time tool which is quite
capable of constructing the development of SSM structure during solidification
process. In fact by analyzing the high resolution image, it is possible to visualize the
solid phase formation procedure and see if the primaries are isolated or
interconnected. Figure 4.36a shows a 3D view of A356 alloy isothermally held at
587 °C for 10 min. By removing the liquid from 3D image, the connection among
solid particles become obvious, Fig. 4.36b [16].
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Table 4.3 Misorientations  pyricles | 0 (h, k, 1] A Interface type
data between particles in the =7 596 |[1.1,1] 0.9 | Coherent twin
agglomerate shown in
Fig. 4.34 (relative 2-3 3.7 [1,3,6] 2.8 Low angle
misorientations 0, the rotation ~ 2—4 56.3 [1,1,1] 52 Coherent twin
axis [h, k, 1], and the deviation 34 55.8 [1,1,1] 8.8 Coherent twin
Ag) (,rePfimedeVIVliﬂllw | 35 568 | [1,1,1] 13.6 | Coherent twin
ize“t’;zs;‘r’lg K/Iate:ialsmera S 36 34 [[145] 124 | Low angle
Society) [58] 5-6 572 |[LL1] 124 | Coherent twin
5-8 55.6 [1,1,1] 7.9 Coherent twin
6-8 10.3 [0,2,3] 2.3 Low angle
67 4.1 [1,1,3] 2.5 Low angle
7-8 6.9 [1,3,3] 2.5 Low angle
7-10 6.7 [1,2,3] 8.4 Low angle
10-1 56.1 [1,1,1] 7.8 Coherent twin
9—1 59.1 [1,1,1] 33 Coherent twin
9-2 2.8 [2,3,3] 1.6 Low angle
9-3 6.4 [1,2,3] 0.7 Low angle
9-6 59 [1,6,8] 0.3 Low angle
9-7 4.9 [1,2,10] 2.1 Low angle
9-10 73 [2,3,6] 1.6 Low angle

Pseudo-partil

Fig. 4.35 (a) Definition of pseudo-particles and pseudo-clusters, (b) CAD generated view of a 3D
rendered pseudo-cluster [103]

4.3.1.3 Sintering and Coalescence

Sintering and coalescence of primary particles are the other mechanisms active
during SSM processes. It is envisaged during stirring the solid particles collide with
each other to form welded joints which are eventually strengthened due to high
temperature and easy diffusion.

Observation of unusual grain boundaries goes back to the work of Apaydin
et al. [114] on the Al-10%Mg which was stirred with different stirring periods and
shear rates at low cooling rate (1.5 K min_l) (Fig. 4.37). It was claimed that these
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Fig. 4.36 3D image of A356 alloy isothermally held at 587 °C; (a) solid and liquid phases, (b)
only solid phase [16]

Fig. 4.37 Optical
micrograph of a particle
showing four special
boundaries in Al-10%Mg
alloy stirred 7 min at

400 s, ~x193 [114]

special boundaries are low energy boundaries since they did not show precipitation
during solution and aging treatments. They postulated that these special boundaries
are probably produced by sintering where the initial particle—particle contact
resulted from particles collision due to stirring. The other possibility for special
boundary formation is the growth twining mechanism. Generally in aluminum and
its alloys, the (100) facets preferentially grow in the direction opposite to the heat
flow [4]. However, if this growth preference is disturbed in any manner (such as by
introduction of solute elements or by agitation), more of the (112) facets grow in
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Fig. 4.38 Grain structure in EM stirred and grain refined Al-6082, poured at 700 °C, (a)
secondary electron image, all special boundaries are marked with white lines, (b) grain boundary
map. Low-angle and coherent twin boundaries are indicated with thin lines [60]

direction opposite to the heat flow and resulting in a nucleation for growth twining
on the solid-liquid interface [114].

Figure 4.38a is a secondary electron image of an electromagnetically stirred
“EMS” sample of Al-6082 alloy, isothermally held at 638 °C for 10 min [60]. By
EBSD investigation, all special grain boundaries were characterized and shown by
white lines in Fig. 4.38a. Figure 4.38b is a grain boundary map of the same area
(the white grains represent unmelted material and the gray regions are quenched
melt). High angle grain boundaries are marked with thick black lines whereas
low-angle and twin boundaries are marked with thin lines. The diamonds highlight
six grains separated by low angle and twin boundaries and accordingly belong to
the same agglomerate. It was claimed that formation of a normal grain boundary
would be energetically unfavorable as some solid—liquid interface with energy of
95 mJ m~* would be replaced by a grain boundary with energy of 324 mJ m >
[60]. Low angle grain boundaries and coherent twin boundaries, on the other hand,
would form readily since they have lower interfacial energy than the solid-liquid
interface having high angle boundaries.

An example of sintering in SSM materials is shown in Figs. 4.39 and 4.40. Two
or more isolated solid particles joined and formed a pseudo cluster which is
associated, for instance, to the stabilized contact during the stirring (arrows show
solid necks). This effect could be seen in regions with low stirring or stagnant liquid
and solid. Different globules present different primary a-Al particles with various
orientations. Thus, sintering of individual primary particles could be easily detected
by different color contrasts by color metallography or EBSD technique. In the semi-
solid science, this is defined as “agglomeration” [17—19] where primary particles,
basically consisted of simple isolated globular or rosette shape, come into contact
and sinter together to form agglomeration. Particles become interconnected by solid
necks and further spheroidized by material transport specifically through the neck
area which has a negative curvature. The sintering mechanism has been assumed to
occur under condition y4, < 2y in which y,, and y are grain boundary and solid—
liquid phase boundary energies, respectively. As mentioned by Doherty et al. [115],
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Fig. 4.39 Sintering effect of globules with bright field (a) and polarized light application (b),
Electromagnetically Stirred A356 alloy, reheated at 593 °C

Fig. 4.40 Sintering effect of globules with bright field and with polarized light application, A356
alloy, quenched from 598 °C

small angle grain boundaries have lower energies and if formed with this condition,
they could survive and remain in the microstructure.

An example of X-ray microtomography is shown in Fig. 4.41. Alloy Al-15.8%
Cu was selected as solid and liquid phases in this alloy have good absorption
contrast based on composition and the prepared specimen was held at 555 °C for
80 min while X-ray microtomography was carried out [116]. Two coarsening
mechanisms were proposed. In one case, globules with very difference sizes were
studied, Fig. 4.41a. The progressive dissolution of the small solid globule (1) is
clearly seen (an Ostwald ripening like mechanism) however the coarsening of its
neighbors is not large enough to be visible to the naked eye. The second coarsening
mechanism is shown in Fig. 4.41b in case of equal size globules. While the neck
size between particles 1 and 2 is increasing, necks between particles 2 and 3 or
2 and 4 remain stable. The neck diameter between particles 1 and 2 rapidly enlarges
and the particles radii decrease slowly which is typical of coalescence and eventu-
ally leading into single particle [116].
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a b ~ 17 1=1560s<t, T 1=2760s
| 1

Fig. 441 X-ray microtomography of Al-15.8%Cu held at 555 °C for 80 min, (a) globules with
various sizes, visible dissolution of globule 1 over time, (b) globule with equal size, coalescence
toward formation of a single particle [116]

4.3.2 Quantitative Metallography

The application of polarized light microscopy provides a simple way to identify
SSM structures as fully isolated globular or pseudo-globular morphologies includ-
ing dendritic, degenerated dendritic, and rosette structures depending on the color
contrast as mentioned and illustrated earlier. Once the distinction is made, image
processing and analysis may be carried out to characterize the structure
quantitatively [100].

Generally, it is assumed quantitative metallography is a simple technique;
however, it should be remembered that there are a few but significant points
where considering those should lead to acceptable results. According to the authors’
experience, the major task during image analysis is the preparatory work done
before processing and analyzing of the image. It means that by enhanced sample
preparation including polishing and etching which is coupled with appropriate
microscope selection and even working magnification, the resulting analyses
would be reliable. For image analysis, the followings are of particular importance.

» Image acquisition

* Image enhancement
e Thresholding

» Image processing

» Data extraction
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Thresholding is defined as the gray level of the image constituents. The better the
difference in the gray levels, the more reliable results will be obtained. Therefore,
the precision of the analysis depends on the thresholding limit and discriminating
the unnecessary objects from the processed image. The main other issue is its
repeatability which not only depends on the threshold setting, magnification, and
light intensity and filtering but also on the sample preparation and using the same
procedure in the metallographic preparation. Number of field of view (images) is
another decisive parameter. By increasing the number of images captured and
processed the errors become less and the results will be statistically reliable.

SSM processing is based on the formation of globules of the primary phase
during solidification and as such the principal objectives are to quantify the volume
fraction, size, and morphology of the primary particles. For morphology, the aspect
ratio and sphericity number are proposed to be the most important factors to
characterize particle shape while for size analysis average equivalent circular area
diameter (the diameter of a circle having the same area as the particle being
measured) is suggested.

4.3.2.1 Fraction Solid

Solid fraction is one of the main parameters in the rheological study and its
variation alters the viscosity of the slurry. Solid fraction is measured in 2D polished
surface (area fraction) and as mathematically shown (e.g., [117]), the volume
fraction is equal to the mean value of area fraction. It is important to emphasize
that the degree of the accuracy of the measurement is dependent on the number of
field of view (images) analyzed.

Different methods are reported in the literature for measuring the fraction solid,
among which the most commonly used ones are quantitative metallography,
thermal analysis [118], lever rule (thermodynamic equilibrium condition),
Scheil’s equation [4], and application of software packages [119, 120]. The
most common technique is quantitative metallography in which the sample that
is rapidly quenched from SSM processing temperature to preserve the structure
within the mushy zone is analyzed. The drawback is that the quenching is not
rapid enough to prevent further growth of the solid particles and therefore the
result is erroneous.

Thermal analysis is widely used to determine the solidification characteristics of
metals and alloys. The technique could be divided into two groups: differential
scanning calorimetry (DSC) and cooling curve analysis (CCA). Determination of
latent heat is the typical application of DSC which is more accurate than the cooling
curve analysis for many materials, including metals and alloys. DSC measures the
energy (heat) evolved or absorbed by a sample as it is cooled, heated, or held at a
temperature. However, DSC is limited to very small sample size, in the milligram
range, and it is costly, requires technical expertise, and is not suitable for metallur-
gical or foundry shop floor operations. The alternative, cooling curve analysis
(CCA), is simple, inexpensive, and most significantly suitable for commercial
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applications. Briefly, the amount of heat evolved from a solidifying test sample is
calculated by measuring the area between the first derivative curve and base line.
This amount is proportional to the fraction solid [118]. This method is used in the
Chap. 6 to identify the critical temperatures during the course of solidification.

Computational thermodynamic packages such as CALPHAD (CALculation of
PHAse Diagram) are supplementary tools that provide quantitative data for
multicomponent alloying systems. In this method, the Gibbs free energy of indi-
vidual phases is modeled as a function of composition, temperature, critical mag-
netic temperature, and sometimes pressure and the results are gathered in a
thermodynamic database. It enables the calculation of multicomponent phase dia-
grams and tracking of individual alloys during heat treatment process or solidifi-
cation by calculation of phase distribution and composition [119, 120].

It is important to comprehend the shortcomings of each route when comparing
the results calculated/measured by any of these techniques. The lever rule, Scheil,
and thermal analysis routes may provide results different from that of quantitative
microscopy. As for example in the case of Al7Si and A356 alloys (Al17Si0.35 Mg),
quenching from 593 °C leads to higher solid fraction of about ~60 % (Fig. 4.42)
which has almost a difference of 30 % from thermal analysis, Scheil, and lever rule
[46, 121].

The large discrepancy may have its origin in the following sources:

 Inefficient quenching method. The formation of the eutectic colonies confirms
the ineffectiveness of water quenching in stopping further transformation from
liquid to solid. This could be initiated from the vapor layer usually forms around
the billet to reduce heat extraction from the sample. It was tried to change the
quenching media. Tzimas [44] have changed the quenching medium to liquid
Sn—Pb eutectic, which is supposed to offer higher thermal diffusivity and good
wettability, but the method was still unsuccessful and a greater solid fraction was
observed after the quenching process. Furthermore, the residual liquid may also
segregate on the prequenched primary solid particles during transferring the
billet to the quenching station.

* Growth of the primary particles is another possibility for inaccuracy in the
measurement. During transferring and quenching, the growth is constrained by
the temperature profile in the liquid phase and this residual liquid may precip-
itate on the prequenched primary solid phase. Martinez and Flemings [122]
stated that the additional spherical growth occurs during the quenching process
is responsible for this overestimation. They have shown that a primary spherical
globule in Al4.5%Cu with 40 pm diameter grows almost 40 pm in diameter
during the quenching period.

» The effect of higher cooling rate which was missed in all the previous reports.
With higher cooling rate, not only the liquids line shifts up (start of the primary
dendrites nucleation temperature), but also the eutectic line shifts down and a
larger solidification range results [46]. As seen in Fig. 4.43, by increasing the
cooling rate, the primary a-Al phase increases. This would result in the forma-
tion of new primary particles and coarsening of the former primaries.
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Fig. 4.42 Typical billet samples quenched from mushy zone at 593 £ 2 °C: (a) Al7Si, (b) A356,
(c) solid fraction at ~593 °C, measured by thermal and image analyses [46] (AFs is the difference
between two measurements)

4.3.2.2 Fraction of Entrapped Liquid

Liquid entrapment is a distinct feature of isothermal holding during semi-solid
metal processing which normally is implemented during the thixocasting process.
The first process occurring during isothermal holding of semi-solid structure is
grain coarsening. In dendritic structure, the dendritic arms disappear by ripening
and coalescence which has been already discussed in Chap. 3. The coalescence of
isolated globules from same dendrite (same crystallographic orientation) or coales-
cence of neighboring arms may result in liquid metal entrapment (Fig. 4.44). The
“entrapped liquid” adversely affects the deformability of material which is associ-
ated to a reduction in the interconnected liquid phase and therefore influences the
rheological behavior of the slurry.

Volume of entrapped liquid depends on various parameters including semi-solid
processing, cooling rate and morphology of as-cast structure, reheating time, and
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Fig. 4.43 Effect of various cooling rate on fraction solid, Al7%Si, Al6%Si, and 319 alloy
(319 alloy data from [123])

Fig. 4.44 Optical
micrograph showing
entrapped liquids, A356
cast in graphite mold,
reheated and isothermally
held for 10 min @583 °C

temperature. In fact contrary to its name, sometimes these pools which seem to be
encapsulated in 2D surface may be interconnected in the volume.

4.3.2.3 Particle Size, Average Circular Diameter

The ideal microstructure for SSM processing is the one free from dendrites and
having homogenous spherical particles. The globule size plays an important role on
the castability and mechanical properties of the as-cast parts. However, it is
important to factor in that the primary solid is a softer phase and minimizing its
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size is crucial for achieving the desired mechanical properties. As a general
guideline, the optimum primary particle size reported for SSM alloys is less than
100 pm [124].

It is worth noting that image analysis technique has limited capabilities.
Therefore, it should always be kept in mind that what image analysis cannot
do, for instance, the definition of diameter in the software is based on the equation

(d =2+/A/x), which A refers to the area of the object(s) being measured. Such
measurement makes the assumption that the examined object has a shape close to a
circle and for instance, the more the particle is rectangular, the greater is the error in
the calculation (in this case, aspect ratio is a better parameter). Considering this
point, it should be expected to detect small difference between the average circular
diameter of a rosette and globule a-Al particle with the same area.

As indicated earlier in this chapter and with highlighting the disability of image
analysis, it should always keep in mind that the analysis system could not distin-
guish between dendrite branches and individual globules. Therefore in case of
dendritic structure, calculation will result in a lower value for circular diameter or
rise in sphericity number which is an error source. In some cases, grain and globule
sizes should be measured individually.

Technically, there are two different definitions for globule and grain size.
Globules are primary particles which are apparently detached from one another.
However, by applying polarized light microscopy, it becomes clear that the neigh-
boring individual particles might be interconnected from underneath of the polished
surface (having the same crystallographic orientation relationship). As a result,
similar color neighboring globules specify a particular grain. By this method, grains
could be differentiated from globules. Figure 4.45 shows an EMS stirred sample
which is isothermally held at 583 °C for 10 min. Selected grains and globules are
clearly shown.

Fig. 4.45 EM stirred
Al78Si0.8Fe isothermally
held at 593 °C, Copper
mold cast at 630 °C
(arrowed: globules, circled:
grains)
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Fig. 446 Average circular diameter and number density for A356 with Ti and B addition
(reproduced from [125])

4.3.2.4 Number Density

In some cases, it is necessary to have an estimation of the quantity of particles within a
unit area, number density (mm~2). Higher value of number density specifies smaller
particles within the area. For instance, addition of grain refiner results in more effective
nucleation sites which leads to limited growth and better distribution of primary
particles. This is presented in Fig. 4.46 where with addition of AlTiB master alloy to
A356 alloy, the density of primary particles increased. Figure 4.46 also shows number
density increases when there are particles with smaller circular diameter [125].

4.3.2.5 Sphericity/Shape Factor

Primary particles’ shape is a key factor in quantitative metallography affecting the
viscosity of semi-solid slurry. Physically rounder particles have better flowability in
comparison to rectangular ones. Sphericity is given by 4},%/‘ where A is the total area of
primary particles and P represents perimeter of liquid—primary particles interface.
The sphericity factor varies between 0 for objects having very elongated cross
sections and 1 for those having circular cross sections. By using the average value
of sphericity, it was concluded that this parameter is not responsive to small variation
of the morphology and in most cases due to the averaging of numerous particle
sphericity; the maximum difference is less than 0.1. Therefore, a more sensitive
parameter was chosen which is the percentage of particles having sphericity greater
than a certain value.
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4.3.2.6 Specific Volume Surface

Also known as surface area per unit volume, it can be used to define the success of
SSM process in producing individual particle which means having larger S,. S, is
mathematically expressed as S, = %% where A is the total area of primary particles

and P represents perimeter of liquid—primary particles interface. % is a parameter
which could be used for quantitative metallography which is inversely proportional

to S,.

4.3.2.7 Aspect Ratio

Aspect ratio is simply defined as the ratio of the longest over the shortest feret
diameters, length per width. Feret diameter is defined as the distance between two
parallel tangents on each side of an object (Fig. 4.47a). Values near one (1) are
characteristics of spherical particles while higher values show more elongated
(needle) like particles. Figure 4.47b provides aspect ratios of 356 Al-Si alloy slurry
prepared at various pouring temperatures. For overstressing the effect of pouring
temperature, the percentage of particles having aspect ratio greater than 2 is
presented. With increasing the pouring temperature, the formation of elongated
particles is promoted which is an indication of dendritic structure.

4.3.3 Microscopy/Image Analysis Setup

For characterizing the a-Al particles, 85 fields with the total area of 255 mm” were
examined (Mag. x50); while for evaluating of silicon morphology in graphite cups,
50 fields with 1.48 mm?® were scanned (Mag. x500). In the EMS samples and by

Feret 90

Aspect ratio > 2 (%)
)

Feret 0

615°C 625°C 645°C 675°C 695°C

Fig. 4.47 (a) Definitions of feret, length, and width [100], (b) percentage of particles having
aspect ratio greater than 2 [67]
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Fig. 4.49 Area for optical micrographs observations for a typical deformation

considering using different cooling rates, it was impossible to work at the same
magnification and thus for sand and copper castings 50 and 80 fields at ~x200 and
~x 500 magnifications with a total area of 9.3 and 2.3 mm? were used respectively.
In aluminum alloys, the best resolution of individual grains could be achieved by
examining electrolytically anodized specimens by polarized light microscopy. For
grain size measurement, samples were polarized by fluoboric acid solution’ and
measurements were done between the wall and center of the graphite cup sample,
Fig. 4.48.

In the case of rheological tests, the microstructure was studied on the longitudi-
nal sections within the regions with the highest deformation rate as shown sche-
matically in Fig. 4.49.

5In this method, a film of A1203 is deposited on the surface which its thickness depends mainly on
the crystallographic orientation of the grain(s). When the sample is viewed by a polarized light
which is passing through the analyzer, the film can rotate the plane of polarization regarding the
orientation of the underlying grain and consequently producing various shades of colors by
inserting a sensitive tint plate [113].
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Chapter 5
Rheocasting: Low Pouring, SEED, and EMS
Techniques

Abstract This chapter concentrates on understanding the mechanisms of nucle-
ation and growth in three different rheocasting processes of low pouring, SEED,
and electromagnetic stirring processes. The application of thermal analysis, parallel
plate viscometry, and quantitative metallography verified the mechanisms respon-
sible for microstructural evolution during the mentioned SSM processes.

5.1 Introduction

As discussed in Chap. 2, there is a range of SSM processes to produce billets having
globular or near globular primary particles. If it is required to classify the entire SSM
processes, it may be logical to use criteria such as temperature and fluid flow as the
main parameters to induce globularity in resulted solidification structure through
thermal or mechanical or thermomechanical disintegration of dendritic structure
during solidification. In this regard three well-researched processes, which may be
classified as mainly thermal (Low Pouring), and a combination of both mechanical
and thermal (thermomechanical) of Electromagnetic Stirring, EMS and Swirled
Enthalpy Equilibration Device, SEED have been selected to discuss in this chapter.

5.2 Low Pouring Temperature Technique

Pouring temperature directly affects the nucleation and growth of primary crystals
such as a-Al in hypo-eutectic Al-Si alloys, where nucleation controls the quantity
and size of the grains formed and growth determines the grain morphology and
distribution of alloying elements within the matrix. The driving force for nucleation
is the degree of undercooling created during solidification and growth is controlled
by the temperature gradient and solute concentration in the liquid. However, both
processes are affected by the rate of heat extraction. The final structure is therefore
dependent on the nucleation density, growth morphology, fluid flow, and diffusion
and transport of solutes. Therefore, close control of casting conditions, such as
pouring temperature, cooling rate, nucleation sites, and temperature gradient,
results in formation of the desired as-cast structure.
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From semi-solid standpoint, microstructural variation resulted from pouring
temperatures is turned into various viscosities during the application of the external
force to the slurries. This is because the flow characteristics, as specified by the
viscosity, are dependent on the metallurgical parameters including the fraction solid
and its morphology (e.g., dendritic, rosette, or globular), solid particle size and
distribution, chemical composition of the alloy, and pouring temperature [1-3]. The
effect of solid phase characteristics on the viscosity and rheological behavior of
SSM billets is also discussed in details in Chap. 4 of this book.

In the current section, effect of pouring temperature is specifically reported and
also a correlation between superheat, morphology of primary «a-Al particles, and
subsequent rheological behavior of the slurries is established.

5.2.1 Experimental Setup

Commercial 356 alloy with the chemical composition given in Table 5.1 is used for
the entire experiments. Melt preparation and experimental setup were the same as
described in Chap. 4 (a coated cylindrical steel mold of 75 mm diameter and
250 mm long, superheat range of 0—80 °C). In all cases, two K type thermocouples
were installed at the mold center and near the wall with their tips at 80 mm from the
bottom of the mold. After pouring, solidification continued up to the point where
the melt temperature at the center of the billet reached 593 £ 2 °C. It is expected to
have a solid fraction of 0.3-0.35 at this temperature according to equilibrium lever
rule and Scheil’s equation. The melt temperature at the vicinity of mold wall was
registered at about 591 & 1 °C. The billets were then taken out of the mold, still in
the mushy zone, and quenched quickly in cold water. For the rheological tests, the
temperature of the furnace which was installed on the parallel plate compression
test machine was kept at 594 + 1 °C and the applied dead weight varied between 2.1
and 5.1 kg (see Sect. 4.2).

5.2.2 Thermal Analysis

The cooling curves of Fig. 5.1 represent temperature variations of the liquid near
the mold wall and the center accordingly. As indicated, there are two different
cooling regimes for the wall and central areas at the beginning of each trial, but an
almost uniform cooling rate is reached later on for the entire test series. The melt

Table 5.1 Chemical composition of the melts (wt. %)

Si Mg Fe Mn Cu Ti B Sr | Al
6.9-7.1 |0.3-0.31 |Max 0.09 |Max0.001 |Max0.001 |0.12-0.13 |Nil |Nil |Bal
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Fig. 5.1 Typical wall and 660

center cooling curves for €50 b 615°c :ﬁ;j‘r’ |
615, 645, and 695 °C

pouring temperatures [4] |

Temperature (*C)

Temperature ("C)

Temperature ("C)

Time (s)

temperature is always higher at the center of the mold immediately after pouring,
which is expected due to the chilling effect of the mold wall. There are three distinct
regions identified on the cooling curves of Fig. 5.1 as follows:
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* Segment I: The maximum temperature difference between the wall and center of
the cast billet, seen at the beginning of the bulk solidification.

¢ Segment II: The solidification time which extends between the maximum
temperature difference between the wall and center of the billet up to the point
where a uniform cooling rate is established within the bulk liquid. This is labeled
the “metastability period,” since the bulk liquid has not yet reached thermal
equilibrium. Thermal equilibrium here may be defined as uniform cooling rate
across the entire billet, i.e., near the mold wall and mold center.

* Segment III: The time between the beginning of uniform cooling rate and
quenching. This is labeled the “stability period,” due to uniform cooling rate
throughout the bulk liquid.

It is evident in Fig. 5.1 that the melt temperature near the mold wall is different
for three pouring temperatures of 615, 645, and 695 °C with 615 °C being heavily
undercooled. Furthermore, the rise in the wall temperature following pouring is
greatest, ~10 °C, for the lowest pouring temperature of 615 °C. Such temperature
rise can only be justified by either a rapid phase transformation and releasing the
latent heat of fusion, or rapid heat flow from the central regions toward the wall due
to the large temperature difference, segment I, established at the beginning of bulk
solidification. It is also noticeable that the magnitude of segment-I decreases with
increasing pouring temperature as plotted in Fig. 5.2. It is believed that segment-I is
regarded as the driving force for the heat flow across the bulk liquid, so its reduction
must prolong the time where uniform cooling rates are established within the mold.
This should be evident in duration of the metastability period (segment II), the time
where the molten metal cooling rates near the wall and center of the mold approach
a uniform value. By increasing the pouring temperature the extent of metastability
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Fig. 5.2 Effect of pouring temperature on the maximum temperature difference (segment I) and
metastability period (segment II) [4]
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Fig. 5.3 Polarized light micrographs showing the microstructural evolution associated to super-
heat variation; (a) 695, (b) 675, (¢) 645, (d) 625, and (e) 615 °C

period increases, Fig. 5.2. The optical micrographs shown in Fig. 5.3 clearly
illustrate the effect of pouring temperature on the resulting microstructure.

Based on the aforementioned observations, two hypotheses put forward to
explain the fine-grained globular structure seen in Fig. 5.3. These are based on
either nucleation or growth processes as the dominant factors on the formation of
the primary a-Al particles.
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5.2.2.1 Nucleation-Based Hypothesis

At low superheat, the liquid is rapidly cooled by contacting the mold wall to a
temperature at which nucleation occurs with a large number of nuclei, big bang, or
copious nucleation. This results in shifting up the melt temperature adjacent to the
mold wall. The volume of liquid that is cooled to this extent increases with
decreasing the pouring temperature. However, the temperature rise near the mold
wall is not sufficient enough to pose any threat to solidification by remelting the
nuclei even for the lowest pouring temperature, nor the total heat content of the melt
(Fig. 5.1). The rate of temperature rise near the wall is greater for lower pouring
temperature due to the higher nucleation frequency and thus shorter times for the
metastability period. The central parts however solidify in normal manner, but
assisted by the floating nuclei, due to fluid flow during pouring and natural
convection from the wall region to eventually establish a uniform cooling rate.
The probability of such nuclei to survive is much greater at lower pouring temper-
ature and the uniform and multi directional cooling, associated to the cylindrical
shape of the mold, promotes the formation of fine-grained equiaxed as-cast struc-
ture as clearly seen in Fig. 5.3 for 615 °C pouring temperature.

By increasing the superheat, the liquid volume which is cooled to the nucleation
temperature is reduced and copious nucleation mechanism is diminishedwhich
eventually leads to the formation of a coarser structure. The nuclei formed in
contact with the mold grow rapidly associated with the heat extraction and the
other nuclei which move with the liquid into the central parts could not survive and
dissolve rapidly within the hotter liquid within the central region.

5.2.2.2 Growth-Based Hypothesis

The formation of fine-grained equiaxed structure at lower pouring temperatures is
also dependent on the growth characteristics of the nuclei. The large temperature
gradient established between the wall and center during the early stages of solid-
ification (e.g., 615 °C) encourages faster heat flow toward the mold wall. In other
words, the molten alloy near the mold wall acts as a heat sink. Furthermore, the
greater thermal and fluid convection promote grain multiplication and structural
evolution. However, the mold coating coupled with the resulting air gap and
assisted by the mold thin wall reduces the rate of heat dissipation through the
mold wall into the surrounding to increase the melt temperature near the wall. The
outcome is a uniform temperature distribution to establish within the bulk liquid
which occurs at much shorter time at the lower pouring temperature of 615 °C. This
is supported with its shortest “metastability period,” segment II. As a result, the heat
flow toward the mold wall diminishes and the growth rate is reduced much sooner
for the 615 °C pouring temperature. This is coupled with multidirectional heat flow
due to the mold geometry and promotes the formation of equiaxed and globular
structure, Fig. 5.3, i.e., 615 °C.
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As pouring temperature increases, the mechanism of copious nucleation is
less pronounced and there are fewer nuclei within the bulk liquid which eventu-
ally lead to the formation of coarser structure. The amount of temporary rise in
temperature or recalescence also decreases with increasing pouring temperature
which supports the hypothesis of lower nucleation frequency (it has to be noted
that the temperature rise observed at different pouring temperatures in Fig. 5.1
may be explained with respect to the liquid convection due to the large temper-
ature variation at the vicinity of the wall and center of the billet). Such temper-
ature variation is largest at the lowest pouring temperature. It is important to
reemphasize the fact that there is longer metastability period at higher temper-
ature, e.g., 695 °C, which encourages better development of primary o-Al
particles and the formation of more classical dendritic morphology as illustrated
in Fig. 5.3.

5.2.3 Structural Analysis

Effect of superheat on the microstructural evolution of quenched billets is shown in
Fig. 5.3. With increasing the superheat, the morphology of primary a-Al particles
becomes more dendritic. As the superheat reduced, the morphology changes to
rosette, equiaxed, and eventually with ripening process and remelting of thinner
arms and growth of thicker arms, the structure becomes globular. Polarized light
microscopy facilitates the characterization of morphological variation due to the
superheat. Samples with higher pouring temperatures highlight dendritic growth
while by decreasing the superheat there is a clear transition from dendritic to
globular form (Fig. 5.3). As the pouring temperature approaches 615 °C, the melt
is no longer superheated. The mold itself (due to its thin wall) reduces the rate of
heat extraction from the mold wall and thus establishes a shallow temperature
gradient within the molten alloy. Such low temperature gradient (G) encourages
the widespread nucleation of primary o-Al particles within the melt and conse-
quently the formation of equiaxed and eventually globular structure as shown in
Fig. 5.3 (625 and 615 °C). It should be stressed that by superheat reduction not only
the growth morphology changes but also the size of grains and globules reduces.

For better characterization and further to highlight the correlation between
microstructure with pouring temperature, quantitative metallography was carried
out on polished specimens using automatic image analysis system (Fig. 5.4). The
image processing results may be summarized as follows:

» Area/perimeter ratio and equivalent circular area diameter decreased with low-
ering the pouring temperature, while number density increased (Fig. 5.4a—c).
The findings are in line with optical micrographs presented in Fig. 5.3, where as
pouring temperature decreased, the morphology of primary a-Al phase becomes
finer and less dendritic.
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Fig. 5.4 Image analysis data obtained from the conventional cast slugs [4]

* With decreasing the superheat, equiaxed solidification appears to be dominant
and growth is in all directions, so globularity and percentage of particles
having sphericity >0.8 increased (Fig. 5.4d). This is in line with the percent-
age of particles with aspect ratio greater than 2 which decreases with lowering
the pouring temperature. For better clarification, the distribution of
particles with different sphericity values is shown in percentage scale given in
Fig. 5.5.

Image analysis technique is based on the digital reproduction of the microstruc-
ture which may not be exactly the same as that being studied (discussed in
Sect. 4.3). Therefore, it should always be kept in mind that what image analysis
cannot do, for example, in the quenched conventional billets; it does not differen-
tiate between the branches of dendrites intersected by the plane of polished and
globules, Fig. 5.6. Image analysis only detects the differences between individual
particles and ignoring the origin of isolated particles. It means that the way
dendrites intersect the polish surface may generate individual isolated particles.
Consequently, image analysis will result in a lower value for circular diameter or
rise in the sphericity values which does not display the actual dendritic structure.
However, even with considering this deceptive point, the data shows fairly good
correlation with the variation of pouring temperature.
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Fig. 5.5 Histogram distribution showing the variation of sphericity percentage for 615 °C and
695 °C [4]
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Fig. 5.6 3D view of a dendrite-polished surface intersection showing the dendrite branches look
like rounded individual particles

5.2.4 Rheological Study
5.2.4.1 Strain-Time Relationship

Formation of the globular microstructure, as shown in the case of 615 °C—Fig. 5.3,
has always been the main goal of SSM studies as it has the lowest viscosity number
among different morphologies (readers referred to Sect. 4.2). Increasing the tem-
perature gradient within the melt encourages directional growth of the primary a-Al
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phase. A combination of equiaxed and columnar (directional) growth within the
pouring temperature of 630-645 °C brings about the formation of rosette morphol-
ogy of higher viscosity values than those of globules but lower than the dendritic
structure. Such morphology transforms to fully dendritic feature within the melt
temperature of 675—695 °C. Formation of the early skeleton structure in dendritic
morphology along with its higher dendrite coherency point, DCP, induces some
resistance to mechanical deformation for the mush. Such resistance governs the
flowability of SSM slurries and makes the filling of the die harder during shaping of
the billets.

The effect of a-Al morphology on the ability of billets to deform is clearly
detectable in strain—time graphs presented in Fig. 5.7. The applied pressure is an
important factor in increasing the maximum values for engineering strain. How-
ever, the maximum and minimum engineering strains are always obtained at 615 °C
and 695 °C pouring temperatures, respectively, regardless of the applied pressure.
In other words, the structure at 615 °C shows less resistance to plastic deformation
and if examined in conjunction with optical micrographs in Fig. 5.3, the obvious
conclusion is that, “the more globular and finer microstructure yields more engi-
neering strain and better flow.” The pouring temperatures of 630 and 645 °C as the
representative of rosette microstructure have shown a moderate resistance to
deformation somewhere between the globular and dendritic morphologies. The
lowest deformation (greatest resistance to flow) obtained for the pouring tempera-
tures of 675 and 695 °C, irrespective of the applied pressure, where dendritic
morphology is dominant.

Figure 5.8 compares deformation characteristics of SSM billets cast at 695, 630,
and 615 °C pouring temperatures under a constant applied pressure of 4.8 kPa. The
flow characteristics of the billet cast at 615 and 630 °C appear to be much better
than those cast at higher temperatures.

5.24.2 Liquid Segregation

Figures 5.9 and 5.10 present the optical micrographs taken from longitudinal
sections from central to wall parts of the deformed billets. In this study, the billets
showed almost no liquid segregation for low pouring temperature and some minor
segregation at the higher superheats. The absence of liquid segregation for low
pouring temperature billets may be attributed to the globular structure of the billets,
which allows easy gliding of the primary particles over one another almost at the
same speed as the liquid flows through the interparticle channels. This is further
assisted by the fine particle size and the low values of shear rate (less than 0.01 s~ ).
Low shear rates allow solid particles to move easily without excessive collision to
bring about homogenous distribution of a-Al phase. The micrographs presented in
Fig. 5.9 confirm such hypothesis and show almost no segregation of liquid at
different applied pressures. Nonetheless minor liquid segregation is detectable
near the wall, particularly in the dendritic structure, Fig. 5.10, which is due to the
dendrites interlocking and thus inability to move freely, in contrast to the globules.



5.2 Low Pouring Temperature Technique 161

Fig. 5.7 Strain-time graphs a
obtained at different
pouring temperatures and
under different applied
pressures: (a) 4.8 kPa, (b)
8.9 kPa, (c) 11.2 kPa
(reproduced from [4])
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The reader should be reminded that such segregation within dendritic morphology
has taken place just after 0.1 engineering strain, Fig. 5.10, against 0.6 strain in the
case of globular microstructure, Fig. 5.9. This further supports the suitability of
globular structure by having lower susceptibility to liquid segregation and better
flowability during die casting of SSM billets. Therefore, it is expected the die-cast
parts made from billets with globular morphology have more uniform structure and
thus properties.
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Fig. 5.8 As-deformed billets under 4.8 kPa applied pressure, cast at 695 °C, 630 °C, and 615 °C,
from left to right, respectively [4]
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Fig. 5.9 Microstructure of as-deformed SSM billets, maximum strain = 0.6, cast at 615 °C;
(a) 8.9 kPa, (b) 11.2 kPa applied pressures [4]

Center

Fig. 5.10 Microstructure of as-deformed SSM billets, maximum strain = 0.1, cast at 695 °C; (a)
8.9 kPa, (b) 11.2 kPa applied pressures [4]
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The main shortcoming of semi-solid materials, the segregation of residual liquid
during deformation, which is due to the separation of liquid from the solid phase
under pressure is therefore mitigated or even overcome by the refinement and
globularization of the solid particles. In such case, application of lower shear rate

(lower force) is not only helpful in segregation matter but also it reduces the cost of
the HPDC machine.

5.2.4.3 Viscosity

8zP,
is plotted against time and only the results of the quasi steady state segments of
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within 200-600 s after the beginning of each test for viscosity calculation (reproduced from [4])
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Table 5.2 Viscosity numbers at different pressures and pouring temperatures, (Log 1), (Pa-s) and
log shear rate (log 7), (s~ [4]

Initial

applied Logn, [log y] |Logn,[logy] |Logn,[logy] |Logn,[logy] |Logn, [log 7]
pressure, P, | (695 °C) (675°C) (645 °C) (630 °C) (615 °C)

4.8 kPa 9, [—3.9] 8.6,[—3.95] |7.3,[-3.54] |7,[-3.33] 6.6, [—3.09]
8.9 kPa 9, [—3.82] 8.6,[—3.83] |7.3,[-3.18] |6.6,[—2.87] |6.3,[—2.74]
11.2 kPa 9, [—3.84] 8.6, [-3.82] |7,[-3.12] 6.6, [—2.86] |6.3,[—2.68]

the graphs (~200 s after the beginning of each compression test) are presented for
viscosity calculation. Viscosity is calculated from inverse slope of such graphs. The
calculated values of viscosity and shear rates are listed in Table 5.2 for all trials.
There is almost three orders of magnitude difference between the viscosity numbers
for dendritic (cast at 695-675 °C), and globular (cast at 615 °C) structures and two
orders of magnitude difference between dendritic and rosette (cast at 630-645 °C)
morphologies. In other words, billets having dendritic structure have the highest
viscosity numbers.

It is further noticeable that the viscosity numbers for each temperature did not
change significantly with the initial applied pressure which may confirm the
assumption of treating the SSM billets as Newtonian fluid within low shear rate
range as a reasonable assumption. Furthermore, the results support previous find-
ings for the viscosity of semi-solid alloys of Pb—15%Sn [5], A356 [6], and Al-SiC
particulate composite [7] having similar fraction solid and globular morphology
and tested within the same shear rate range, as plotted in Fig. 4.16, Sect. 4.2.

5.3 SEED

As explained in Sect. 2.1.12, SEED process consists of two main steps: the initial
step involves stirring and extracting specified amount of heat from the molten metal
to generate liquid—solid slurry, followed by drainage of some of the remaining
liquid to produce a compact free-standing feedstock for rheocasting operation
(based on the original SEED process). In this section, microstructural evolution
during the process and the influence of processing parameters on the final micro-
structure as well as mechanical properties are reported.

5.3.1 Experimental Setup

The SEED process is explained in Chap. 2. Table 5.3 shows the chemical
composition of commercial 356 alloy that was used for this study [8, 9].
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Table 5.3 Chemical composition of 356 foundry alloy (wt. %)

Si Mg Mn Ti Fe Cu Zn Al
A356 6.5-7.5 0.2-0.45 0.1 0.2 0.2 0.2 0.1 Bal.

Fig. 5.12 Cast part and
sampling location
(metallographic analysis
was carried out on the
inner surface of the white
section) [8]

The prepared melt was poured in the mold at various temperatures between
625 and 690 °C. The mold was initially swirled for a certain time “x’” and then left
to rest for a specific time “y.” After that, the bottom enclosure of the mold was
opened and the remaining liquid drained for specific duration of time “z” (x—y—z are
swirling, resting, and drainage periods, respectively).

The total processing time was increased by changing the swirling (x) and
draining duration (z) only and having the pausing time constant (y) as 10 s. These

conditions are as follows:

e 1;: 45-10-45 (total time 100 s)
e 1,: 60-10-60 (total time 130 s)
e 13: 75-10-75 (total time 160 s)

The semi-solid billets (slugs) were cast in a 600-t Buhler machine equipped with
a U-shaped mold. The cast parts were quenched in water upon removal (ejection)
from die cavity. During the study, the final temperature of the semisolid billet was
measured for each condition to ensure repeatability and to minimize the error.
Finally, the cast pieces were X-rayed to confirm part quality. The castings were then
heat treated to obtain a TS temper condition (6 h at 170 °C). Samples were taken for
microstructural analysis and tensile testing. Figure 5.12 shows the cast piece and
sampling locations.
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5.3.2 Cooling Curves

Figure 5.13 demonstrates the cooling curves at the center of the mold during the
SEED and conventional (no stirring, no drainage) routes to show the thermal history
in both processes (pouring temperature 645 °C). As shown, the temperature
increases rapidly with pouring the molten alloy in the mold, but the final temper-
ature is slightly lower than the initial pouring temperature. The solidification of the
alloy begins after a short thermal equilibration as seen in Fig. 5.13.

As time elapses, the swirling causes the homogenous temperature distribution in
the sample. During the drainage step, the cooling rate appears to have increased.
The higher cooling rate during drainage could be attributed to the fluid flow; the
cooler liquid at the top of the billet is flowing downward while the warmer liquid at
the bottom is draining out [10].

5.3.3 Microstructure, As-Cast Billets

Swirling is expected to break down the dendrites, remove or reduce the slope of
temperature gradient across the melt and die wall and thus brings about finer and
more equiaxed a-Al particles. Such effect is clearly seen in the optical micrographs
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Fig. 5.13 Typical cooling curves for SEED (blue curve) and Conventional (pink curve) castings
(cast temperature 645 °C) [10] (reproduced with permission from the Canadian Institute of
Mining, Metallurgy and Petroleum)
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Fig. 5.14 Typical SEED and Conventional cast 356 alloy, quenched billets microstructure cast at
695 and 645 °C

of slugs in Fig. 5.14. It should be emphasized that for conventional microstructures,
the isolated a-Al particles are the branches of dendrites intersected by the polished
surface not the individual globules (see Fig. 5.6). The SEED process, however,
appears to be quite capable in transforming the primary a-Al dendrites to rosette
and globular morphologies and its effectiveness is particularly distinct for higher
pouring temperatures. The swirling function not only brings about temperature
homogenization but also causes fragmentation of dendrites to form a-Al globules
(the resting period stabilizes the thermal gradient in the system and allows the
remaining liquid to reach a more stable condition. During the draining stage, the
fraction solid in the slug increases and a free-standing slug is resulted) [10].

5.3.4 Optimization of Processing Parameters

Figure 5.15 shows the effect of processing time on the microstructure using the
initial pouring temperature of 625 °C. As emphasized earlier in this chapter, low
pouring temperature significantly modifies the morphology of SSM slurry. There-
fore, the low pouring overshadows the processing time variation (it seems that the
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Fig. 5.15 Effect of processing time (#;: 45-10-45, t,: 60-10-60, and #5: 75-10-75) for a pouring
temperature of 625 °C [8]

Fig. 5.16 Effect of processing time (#;: 45-10-45, t,: 60-10-60, and 3: 75-10-75) for a pouring
temperature of 635 °C [8]

processing time variations have no significant effect on the morphology of primary
a-Al particles). As a side issue, it appears that extended swirling / overall time
results in more spherical particle.

With increasing the pouring temperature, 635 °C, the morphology of the primary
a-Al particles deviated slightly from the globular shape (Fig. 5.16). This is attrib-
uted to both the nucleation kinetics and growth directionality of the primary a-Al
particles that took place within the melt having a steeper temperature gradient and
slightly directional cooling. This caused the primary a-Al particles to depart from
the typical globular shape before processing of the semi-solid slug. In line with the
findings of 625 °C, globules in #; samples seem to be more spherical which is
mainly due to the longer swirling/overall time. The solid fraction is slightly reduced
with increasing pouring temperature since the overall temperature within the mushy
zone at the end of swirling/resting/drainage cycles is expected to be higher com-
pared to 625 °C, i.e., more liquid fraction (see Fig. 5.25). This is more pronounced
in Fig. 5.17 with a pouring temperature of 660 °C. This becomes more complicated
by considering the drainage of solid/liquid phases.

Figure 5.17 shows the effect of total processing time on the microstructure at a
pouring temperature of 660 °C. The increase in processing time at this temperature
changed the morphology and the amount of primary a-Al dendrites. A higher
pouring temperature greatly impacted the nucleation kinetics and growth behavior.
The highest pouring temperature (in contrast to Figs. 5.15 and 5.16) reduced the
nucleation rate and promoted steeper temperature gradient within the melt; thus
changing the primary a-Al phase morphology from rosette-like to dendritic. For all
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Fig. 5.17 Effect of processing time (¢;: 45-10-45, t,: 60-10-60, and f3: 75-10-75) for a pouring
temperature of 660 °C [8]

Table 5.4 Typical mechanical properties versus specific conditions (T5 temper condition 6 h at

170 °C) [8]

Condition UTS (MPa) YS (MPa) Elongation (%)
625 °C, t, max 281 206 7.9
min 252 174 2.7
ave 265 187 5.1
635 °C, t3 max 276 203 11.5
min 249 173 9
ave 263 184 10
660 °C, t3 max 282 221 2
min 230 205 1
ave 256 214 1.5

three pouring temperatures, the fraction of primary o-Al particles appears to have
reduced with increasing processing time, 3. This is partially related to the longer
swirling time which promotes dendrites remelting but encourages better distribu-
tion of primary phase within liquid. Also it is noteworthy that liquid segregation
phenomenon which is active during high pressure die casting is more pronounced at
higher pouring temperature. That is why the liquid fraction at 660 °C appears
greater than the others.
In general, image analysis confirmed that [8]

¢ Increase in the superheat leads to larger primary a-Al particles

¢ Primary a-Al particles are more spherical at lower pouring temperature

e Total processing time has some influence on the shape and percentage of the
primary a-Al particles

The mechanical properties at different processing conditions were demonstrated
in Table 5.4 for the T5 temper condition (6 h at 170 °C). The mechanical properties
and particularly the ductility were significantly affected by the change in the SEED
process parameters. The main cause for the changes in the elongation was mostly
associated with the microstructure. In addition, it is worth mentioning that the
transitions from dendritic to globule structure reduce the defects such as oxide,
cold shut, and shrinkage porosity which are obviously detrimental to the mechan-
ical properties.



170 5 Rheocasting: Low Pouring, SEED, and EMS Techniques

w
o
J

—4—fs0 =-E=fs0.2 —A-fs50.3 ==f50.4 —4=f50.5

[
v
i

[
o
i

=
o
1

Number of defective barsin 24 samples (#)
=
v w

o

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Flow Velocity (m/s)

Fig. 5.18 Flow/turbulence-related defects versus fraction solid and flow velocity, SLC process
modified and grain-refined A356 alloy, followed by heat treatment to T6 temper condition
(solution heat treated at 540 °C for 4 h, quenched in hot water and precipitation aged at 170 °C
for 4 h) (adapted from [11])

Furthermore, it may be concluded that the changes in morphology as well as
solid fraction could affect the rheological behavior of the slurry and, therefore, its
overall filling and feeding capability. Jorstad et al. [11] showed that molten metal in
squeeze casting process could flow at 0.5 m/s without turbulence-related defects but
1 m/s was too fast and encountered porosity and blisters. As the fraction of solid
was gradually increased, the allowable flow velocity is increased as well. In another
way, larger solid fraction results in flow stability and therefore higher flow veloc-
ities could be reached without any X-ray visible defects and/or blisters following
heat treatment. It was shown that at 50 % solid (f;=0.5), flow could exceed 3 or 4 m/
s without creating defects (Fig. 5.18).

Table 5.4 shows the main results for mechanical properties obtained for all three
processing times. The best strength to elongation relationship was gained for the
specimens with 635 °C pouring temperature. This could be attributed to the
formation of more rosette morphology at 635 °C.

5.3.5 Chemical Uniformity

Solidification of alloy systems is completely different from that of pure metals. In
fact, the transformation in a pure metallic system is a heat flow phenomenon while
in alloy systems, it is a combination of heat flow and solutes redistribution. Alloy
systems solidify over a temperature range with a number of changes taking place
simultaneously within the alloy system such as crystallization, solid movement,
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solute redistribution, constituents’ segregation, and coarsening (ripening). In the
case of solute redistribution, there are three classical approaches proposed to predict
alloy solidification [12]:

» Equilibrium solidification or complete mixing in solid and liquid
* No diffusion in the solid with complete mixing in liquid, Scheil’s solidification
» No diffusion in solid and limited liquid diffusion

In real situations, solidification is never slow enough to approach the first
condition and therefore the most likely practical cases involve the others. In the
case of alloy systems having partition coefficient less than 1 (k < 1), the solute atoms
are rejected out of the solidifying liquid into the solid-liquid interface to induce
solute buildup in the liquid adjacent to the solid. This leads to microsegregation
during solidification. On further solidification, and particularly during its final
stages, a highly solute enriched liquid region develops which may cause the forma-
tion of wider solute-rich area known as “macrosegregation.” It also contributes to the
formation of different phases or compounds such as intermetallic phases.

The segregation pattern is a key factor in near net shape processes. In SSM
processing, the uniformity of alloy distribution within the primary billet is impor-
tant since the billet is the feedstock for subsequent forming process. By minimizing
the chemical variation within the billet, the properties’ uniformity of complicated
shaped pieces would be assured.

Variation of chemical composition within the microstructure could be studied
theoretically, using equilibrium phase diagrams and lever rule or by commercial
software packages, and experimentally in macro/micro scales by various methods
such as optical emission spectroscopy (OES), scanning electron microscopy
(SEM), and electron probe microanalysis (EPMA) through point and line scans.

The fraction solid of the primary phase at a specified location within the liquid—
solid zone is given by a mass balance, which in the simplest case, neglects ripening
and diffusion in the solid. For this case, the interrelationship between weight
fraction of the liquid in the mushy zone, f; and liquid composition, C;, assuming
complete diffusion within liquid, is given by the Scheil’s equation, for constant
partition ratio (k) (reformulated from [12]):

fi= <g(’)>_ (5.1)

where Cy is the alloy composition. Since the temperature T in the mushy zone and
C, are interdependent through the equilibrium liquidus line, (5.1) may be rearranged
as:

fi= g (52)

Tm -T
Ty—T,

pure solvent and the liquidus temperature of the alloy with composition of Cy
respectively.

where ¢ is dimensionless parameter: and 7, and T; are the melting point of the
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Equation (5.2) illustrates the correlation of local weight fraction solid to the
temperature in the liquid—solid zone; it is often employed in experimental studies to
calculate directly the local fraction solid from temperature measurements.

These equations are also employed to calculate the instant chemical composi-
tion of a given alloy frozen at a predetermined fraction solid. The chemical
analysis of solidified alloy at a distinct fraction solid and temperature renders the
concentrations of liquidus and solidus in the binary phase diagram either for
equilibrium or nonequilibrium solidification. Equation (5.3) shows a simple rela-
tionship between the chemical composition and fraction of phases at a given
temperature:

7B =f, x Cg)solidus +f % C (5.3)

Q@liquidus

where %B is the concentration of the alloying element at temperature Ty, and f, f;,

Cg;olidus, Cgﬁiqmdus are the fractions solid and liquid, and the % of element “B” at
solidus and liquidus temperatures, respectively.

In this section, a novel experimental procedure is introduced to investigate the
constituent concentration of the solidifying alloy. It will also be shown that the

pouring temperature plays a key role on the billet chemical uniformity.

5.3.5.1 Methodology

Binary Al7Si and commercial 356 ingots with the chemical compositions given in
Table 5.5 were used. Melting procedure was the same as the one mentioned in
Sect. 4.1. The prepared melt was poured into the cylindrical steel mold with a range
of superheats from ~15 to 75 °C. For the entire tests, at a specific time after pouring
(45-50 s), the bottom plug is opened and a portion of liquid drained. The billet was
then quenched in cold water after 1 min following drainage. The application of such
testing procedure rendered a range of drained molten metal weight and quenching
temperatures.

The quenched slugs then were sectioned from top, middle, and bottom as shown
in Fig. 5.19. Since the drained droplets of liquid have different compositions and are
not homogenous, the extracted material was remelted in an argon atmosphere, cast
in standard scissor mold, and prepared for chemical analysis.

Table 5.5 Chemical composition of tested alloys (wt. %)

Si Mg Fe Cu Ni Ti Al
Al7.54Si | 7.54 Nil 0.07 0.002 0.004 Nil Bal.
356 6.9-7.1 |0.32-0.35 |Max0.1 |Max0.002 |Max0.001 |0.12-0.13 |Bal.
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Fig. 5.19 (a) Longitudinal section of the billet showing the location of the analyzed areas in the
transverse section, (b) drained liquid, top view [13]

5.3.5.2 Impact of Partial Draining on Chemical Uniformity

Figure 5.20 shows a typical time—temperature distribution registered during casting
of billets poured at 645 °C. During pouring, the temperature at the center of the
mold increases rapidly and the peak temperature is lower than the pouring temper-
ature which is associated with the major heat extraction at the initial stages of
solidification (see Sect. 5.2.2). By extracting a portion of the liquid, the cooling rate
increased slightly which is attributed to the fluid flow and liquid decanting from the
bottom.

Binary Al7Si Alloy

Due to the complexity of commercial alloys, the first series of trials were carried out
by melting a binary Al-Si alloy, Al-7.54%Si (Table 5.6).

After drainage, the Si concentration both in the billet and drainage is different
from the melt which is related to the segregation phenomenon. According to the Al—
Si binary phase diagram, the remaining liquid at any stage during solidification
becomes more and more enriched with the solute elements. By decanting and
extraction of the saturated liquid at the vicinity of solidified particles, the remaining
liquid has a different composition. In other words, the remaining liquid solidifies on
a different solidification path which is schematically shown in Fig. 5.21.
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Fig. 5.20 Typical cooling curve for pouring temperature of 645 °C [14]

Table 5.6 Data from the experimental procedure, binary Al-Si alloy

Pouring temp T drainage T quench % Silicon

) (°C) °C) melt billet drainage

645 602.1 592.5 7.54 7.25 9.68
660°C

610.3°C
602.1°C
592.5°C

Y%wt. Si

Al Si

Fig. 5.21 Schematic representation of chemical composition variation due to decanting of
Al7.54Si alloy @ 602.1 °C and 592.5 °C for condition provided by pouring at 645 °C [13]
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The proposed procedure to verify the liquid enrichment is to drain the liquid
from mushy zone at a given temperature range and analyze the decanted liquid and
the billet. The broken arrows in Fig. 5.21 approximate the changes in the alloy
composition by partially draining the liquid within the temperature range of
602.1-592.5 °C.

According to the equilibrium binary phase diagram, at 602.1 and 592.5 °C, the
lever rule (f; = g“fg‘f) yields the liquid fractions of 0.838 and 0.697, respectively,
while the Scheil’s equation, (5.2), gives liquid fractions of 0.839 and 0.703,
respectively. Therefore, it could be concluded that at these temperatures, both
Scheil’s equation and lever rule calculations are approximately the same. There-
fore, by averaging both sets of data, it could be concluded that f; and f; are 0.16 and
0.84 for 602.1 °C and 0.3 and 0.7 for 592.5 °C, respectively.

Based on the decanting time of 45-50 s, pouring temperature of 645 °C, and
liquid extracting from 602.1 °C to 592.5 °C, about 15 % of the liquid is decanted.
The reduction of the liquid volume results in a new equation for solid fraction and
increases its portion within the billet. Therefore, the final solid fraction within the
billet could be calculated as:

after—drainage __ f—é & =1 54
f; fs‘f'(f[_OlS) fl fs ( )

Then at 592.5 °C:

0.30

fs= 09301055

=0353 & f,=0.647

With such assumption, the silicon concentration within the samples and drained
liquids at equilibrium condition could be as follows:

: _ after—drainage TO after—drainage TO
VeSibintet = (%f s ¥ X Casotians + 7 X C@Liquidus) (5.5)

At 5925 °C:

Y%Sipiner = 0.353 x 1.34 4+ 0.647 x 10.25 = 7.1%Si (@ 592.5°C)
% Sigrainage (from binary diagram, Fig. 5.21) = 10.25% Si

Since the drainage started at 602.1 °C and finished at 592.5 °C, the measured
values for Si concentration should be treated as the average composition within
such temperature range. In order to be in line with the experimental results, it is
reasonable to calculate the average Si content between the two temperatures of
602.1 and 592.5 °C. Therefore, the average contents for silicon calculated from the
binary equilibrium phase diagram are 9.52 % Si for the enriched decanted liquid
and 7.32 % Si for the billet. As shown in Table 5.6, chemical analysis of the cast
piece and decanted liquid of actual Al-7.54%Si binary alloy after 15 % draining
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Fig. 5.22 Optical micrographs of middle section, cast piece (a) and drained material (b), poured
at 645 °C

yields 7.25%Si for the cast piece and 9.68%S:i for the residual liquid. The results are
in good agreement with the calculated values. The small difference between the
calculated values and measured data could be attributed to a range of parameters
such as the assumption of linearity for the liquidus and solidus lines in the binary
phase diagram, trace elements, nonequilibrium solidification of the samples, and
lever rule and Scheil equations assumptions. The nonequilibrium solidification is
particularly important since it may induce further dissolution of alloy elements
within the as-cast billets and lowers the concentration of silicon in the drainage. In
addition, the experimental scatter in the measurement is another factor to be
considered carefully.

Figure 5.22 shows typical optical micrographs of the middle section of the billet
and that of the drained liquid (decanted liquid was quenched in a cold water during
the drainage step). For the cast piece (Fig. 5.22a), the growth of the primary a-Al
particles has been suppressed by quenching to illustrate the size and morphology of
these particles at the respective temperature. The microstructure of the decanted
material is quite uniform and finer than the billet structure which is due to rapid
quenching of the decanted liquid in water. Infrequently, larger primary particles
were seen in the structure of the drained sample. The primary o-Al dendrite
observed in Fig. 5.22b has most probably broken away from the solidified network
during the drainage stage and carried away with the liquid through the orifice. These
atypical features are quite rare and the calculations based on the sole reduction of
liquid, not the solid phase, are almost correct and valid.

Commercial 356 Alloy (356)

Similar to the binary Al-Si alloy, commercial 356 was solidified up to about
0.2-0.3 fractions solid and a portion of the remaining liquid was drained. The
changes in the concentration of the principal elements were studied by optical
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Fig. 5.23 Variation of chemical composition within the melt, fop and bottom of the billets and
drainages

emission spectroscopy and the results were compared to those of the theoretical
calculations.

Figure 5.23 displays the concentration of Si, Mg, Fe, and Ti within the melt, top,
and bottom segments of the billets and the drainage. During the drainage step, the
liquid flows downward and since the solubility of alloying elements within the
primary a-Al is rather limited, the solute elements are rejected into the remaining
liquid. So it is expected to have higher concentration of alloying elements within
the partially drained liquid. However, since solidification predominantly starts from
the mold top and wall, it is possible to have some enriched liquid entrapped at the
top and thus resulting in a slight increase in alloy concentration. At lower pouring
temperature such as 645 °C, simultaneous nucleation within the bulk liquid will
take place and therefore the possibility of having localized alloy enrichment and
segregation is less likely to occur which means more uniform composition.

The results could be summarized as follows:

» There is a slight difference between the composition of the billets at the top and
bottom segments for 645 °C pouring temperature.

¢ Within the drained segment, the concentrations of Si, Fe, and Mg are higher than
that of the original alloy composition while for Ti the drained melt is less
enriched. This is due to the rejection of solute elements within the liquid at the
solidification front during the formation of the primary a-Al particles. For Ti, the
trend is reversed which is associated with the peritectic reaction exists in the Al—-
Ti phase diagram (k> 1). As well, Ti initially reacts with molten aluminum to
form Al;Ti particles. These particles act as nucleation sites for primary a — Al
due to the peritectic reaction of L + Al;Ti — (x)Al. The Ti is expected to be
consumed even before the start of decanting process. Therefore, there is not
much Ti left in the liquid to flow out of the mold during decanting.
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Among several trials, the average Si concentration in the melt was measured
6.96 %, within the billet from top to bottom 6.83 % and for the drainage, 9.29 %.
The following paragraphs discuss the theoretical calculations based on Al-Si binary

5 Rheocasting: Low Pouring, SEED, and EMS Techniques

equilibrium phase diagram and (5.4) and (5.5).

Assuming 6.96 % for Si concentration in the Al-Si binary system, the fractions

solid at 602.1 °C and 592.5 °C are calculated based on the lever rule:

Fraction solid was also calculated by ThermoCalc software and thermal analysis
method which is presented in Fig. 5.24. Comparison between the calculated fraction
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Fig. 5.24 Fraction solid measurements by: (a) ThermoCalc software, Al7Si0.35 Mg (0.25
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solids shows almost the same values. This is an indication that the fraction solid
calculated through Scheil’s equation, lever rule, or thermal analysis are similar,
despite different assumptions considered for these methods.

After drainage of about 15 % fraction volume, the last remaining liquid fraction
within the billet at 592.5 °C is calculated at 0.48 (0.63—0.15 =0.48). Therefore,
according to the (5.4), the fraction solid and liquid at the end of drainage are:

f,=043 and f,=057 (at592.5°C)

The final Si concentration within the drainage and billet considering (5.5) are as
follows:

YSidrainage = 10.25  and  %Sipiner = 6.41% (at 592.5°C)

The comparison between the experimental result of Si content for the cast piece
and drainage (6.96 % and 9.29 %, respectively) and the average calculated Si
content above (6.68 % and 9.52 %) is in good agreement. The differences may
initiate from the followings:

* Multiple alloying systems are more complex than simple binary alloys. The
presence of minor constituent elements within the melt such as Mg, Fe, and Ti
can change the equilibrium lines and shift liquidus and solidus up or down. In
addition, the minor elements are able to tide up certain number of the main
elements such as Si in the form of Mg,Si and/or formation of iron intermetallics.

¢ Nonequilibrium solidification during casting process alters the position of soli-
dus, liquidus, and eutectic lines. Besides decanting the hot liquid changes the
heat transfer and ultimately the average cooling rate could become greater.

» Scheil’s equation which does not consider the back diffusion in the solid.

However despite partial decanting of the remaining liquid, the composition of
the final billet is within the A356 alloy range, when compared with the composition
of commercial 356 alloy cited by the international standards, Table 5.7.

Investigation on the Chemical Uniformity with Various Pouring
Temperatures

Figure 5.25 shows the correlation amongst pouring, drainage, and quenching
temperatures with drainage quantity. Higher pouring temperature provides the

Table 5.7 Chemical composition of A356, AA standard (wt. %) [15]

Si Mg Fe Cu Ti Zn Al
Standard | 6.5-7.5 0.2-0.45 Max 0.2 Max Max 0.2 Max Bal.
Comp. 0.2 0.1

Decanted |6.83+£0.3 |0.324+0.02 |0.085+0.005 | Max 0.13+0.01 | Max Bal.
billet 0.002 0.002
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Fig. 5.26 Silicon content in different parts of the as-cast SSM billet with various pouring
temperatures (colors showing different casting trials)

mold with higher heat content and increase drainage volume within a constant time
frame following pouring (refer to Sect. 5.3.1 for processing time). The higher heat
content in a constant processing time promotes less solid fraction. The lower solid
fraction is a less effective barrier against liquid flow. The higher heat content also
increases liquid fluidity that further simplifies the drainage process.

Figures 5.26, 5.27, and 5.28 show the results of Si, Mg, and Fe analyses for
melts, drainages, top and bottom of the billets at various pouring temperatures.
Drainage as part of the residual liquid in the mushy zone is enriched in alloying
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Fig. 5.28 Iron content in different parts of the as-cast SSM billet with various pouring temper-
atures (colors showing different casting trials)

elements. As solidification proceeds within the mushy zone, according to the
equilibrium binary phase diagram, liquid becomes enriched in alloying elements
and therefore the analysis shows higher solute contents. Lowering the pouring
temperature also increases Si, Mg, and Fe concentrations in the drainage. As
mentioned in the experimental setup, the bottom plug is opened at a constant
time after pouring and thus lower superheat leads to formation of more a-Al
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particles and according to the lever rule, the liquid has higher alloying content at the
drainage period compared to the higher superheat with less saturated liquid.

The top and bottom analyses have some variations which by lowering the
pouring temperature, variations of chemical composition decrease between top
and bottom of the billet. This is associated with small temperature gradient
established within the melt promoting the equiaxed and multi directional solidifi-
cation. It means that instead of directional solidification from top and walls, the
entire melt starts to solidify almost simultaneously leading to small discrepancy in
alloy concentration. This is important in production of cast pieces since by lowering
the pouring temperature, the chemical homogeneity increases leading to better
properties and performance.

Figure 5.29 shows the titanium variation within the melt, drainage, and
top/bottom of the billet. The variation trend is completely opposite to the other
elements. While the amounts of Si, Mg, and Fe are at the maximum values in the
drained melt, the Ti content is at the minimum. As already discussed, this phenom-
enon is associated with the peritectic reaction within Al-Ti alloy system and to
some extent to the role of Ti as refiner, see Sect. 6.2.1.4. According to the phase
diagram, the first solid formed is enriched in Ti and by decreasing the temperature,
the Ti level in the remaining liquid gradually decreases. The other reason is Ti
capability in generating nucleation sites for the primary a-Al particles due to the
formation of Ti intermetallic phases as described elsewhere [16]. A relation also
exists between the Ti level in the drainage and pouring temperature. The Ti content
in the drainage decreases with lowering the superheat which is an indication of
minimizing the possibility of primary a-Al particles extraction during the drainage
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Fig. 5.29 Titanium content in different parts of the as-cast SSM billet with various pouring
temperatures (colors showing different casting trials)
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period. In another words, the slurry is capable of preserving the primary particles in
the billet due to the lower volume of the liquid in the bulk.

At higher superheat, Ti is higher at the bottom comparing to the top portion of
the billet. This may be attributed to natural convection in the billet which is greater
for high pouring temperature. Higher superheat leads to more liquid extraction from
the billet and due to the convection and density variation, the primary particles tend
to sediment and concentrate at the bottom of the billet. These primary particles
contain Ti and spectroscopy analysis confirms the higher value at the bottom.

5.4 Electromagnetic Stirring, EMS

In the EMS process, as described in Chap. 2, the local shear is generated by
electromagnetic field where the solidifying metal acts as the rotor and the stirring
action created by liquid movement shears the dendrites formed. Consequently, the
processed material could be used as a source of semi-solid material. In this
section, the importance of EM stirring, effect of cooling rate, and pouring tem-
perature will be discussed on the grain/globule sizes of a-Al primary particles.
The microstructural evolution of silicon and iron intermetallics is already
discussed in Sect. 3.3.3.

In order to correlate pouring temperature and stirring effect on the resulted
billet structure and quality, two different molds (sand and copper) plus electro-
magnetic stirring were employed as described in Chap. 4. Figure 5.30 shows the
microstructure of the as-cast non-stirred billets from sand and copper molds. Both
dendrite cell size and arm spacing (DAS) have a difference due to the various
cooling rates of the molds. Higher cooling rate not only reduces the size of primary
o-Al grains but also the eutectic constituents become finer. The difference is
apparent in the size of the B-iron intermetallic phase (arrowed) and silicon eutectic
flakes, where for the copper mold, both becoming thinner and shorter (comparing
Fig. 5.30b, d).

5.4.1 Effects of Superheat and Stirring on Grain
and Globule Size

5.4.1.1 Sand Mold

The polarized light optical micrographs in Fig. 5.31 present the microstructural
evolution due to the variant pouring temperatures combined with stirring applica-
tion. Primary a-Al particles having dendritic morphology in the unstirred billets
appear to have spheroidized by the stirring process. Combining stirring with
superheat reduction, the morphology of a-Al phases changes to rosette, equiaxed,
and finally globularized with ripening process, remelting of thinner and growth of
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Fig. 5.30 Correlation between microstructure and cooling rate (as-cast, non-stirred): (a) and (b)
sand mold, (c) and (d) copper mold (pouring temperature 690 °C), iron intermetallics arrowed

the thicker arms. The sand mold itself reduces the heat extraction rate and estab-
lishes a shallow temperature gradient across the bulk liquid. Such low temperature
gradient promotes nuclei survival with uniform distribution and their eventual
freeze off as equiaxed grains.

From SSM processing perspective, microstructural evolution is mainly due to the
mechanical and/or thermo-mechanical fragmentation of dendrites and creation of
multiple nucleation within the bulk liquid [12]. The application of electromagnetic
stirring and the resulting forced convection of the bulk liquid shown to have gener-
ated fragmentation of the dendrites either by mechanical disintegration or by dendrite
arms root remelting due to the thermal and solutal convections [12, 17, 18]. These
fragmented particles are the most favorite nucleation sites for the primary a-Al phase
since they are regarded as fresh nucleants having no disregistry with the growing
material. This means heterogeneous nucleation is taking place simultaneously
throughout the bulk liquid during the course of continuous cooling of the melt
under forced convection. The growth mechanism, however, is based on the floating
dendrite fragments coarsening with continuously cooled and stirred alloy. With
continuous shearing of the melt, dendritic morphology changes to “rosettes” and/or
“globules.” With further stirring, particle ripening becomes dominant, driven by the
reduction of interfacial free energy.
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690°C d 690°C

630°C 630°C

Fig. 5.31 Polarized light micrographs showing the effect of pouring temperature (690, 660, and
630 °C) and stirring on the grain and globule size variations in the sand mold casting, (a), (c¢), and
(e) conventional and (b), (d), and (f) EM-stirred

Results of the EBSD grain mapping of specimens cast at 660 °C pouring
temperature are given in Fig. 5.32 [19]." Comparable to the polarized optical

1Specimens were examined using a Hitachi S3000N scanning electron microscope (SEM) oper-
ated at 20 kV having an HKL Nordlys EBSD detector attachment and Channel 5 software.
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A S 0oum

Conventional EM-Stirred

Fig. 5.32 Grain maps in which white lines denote subgrain boundaries with misorientation angles
between 5 and 10°, and black lines denote high angle grain boundaries with misorientations greater
than 10° (cast at 660 °C pouring temperature) [19]

Unstirred Stirred

Fig. 5.33 EBSD grain maps, white and black lines indicate grain boundaries with misorientation
angles of greater than 1.5 and 10°, respectively (cast at 660 °C pouring temperature) [19]

micrographs, here the grains are shown in unique colors to depict general micro-
structures, such that no two neighboring grains have the same color. The white lines
however denote the subgrain boundaries with misorientation angles ranging from
5 to 10°, and the black lines represent the high angle grain boundaries with
misorientation greater than 10°. In agreement with the polarized light micrographs,
the conventionally cast specimens exhibit a considerably larger grain size, while
stirring has effectively reduced the grain size (the small particles dispersed within
the unstirred sample are parts of dendrites/iron intermetallic/eutectic mush cut by
the polished surface. This could easily be confirmed with the polarized light
micrograph).

Many of the subgrains are not seen in Fig. 5.32 since the maps only reveal
subgrains having a misorientation angle greater than 5°. If the minimum
misorientation value to define grain boundaries is reduced to 1.5°, the EBSD
grain map of the EM-stirred billets show numerous grain or subgrain boundaries
as shown in Fig. 5.33 (considering the fact that white and black lines indicate grain
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Fig. 5.34 Grain size measurements in: (a) conventional, and (b) EMS-stirred samples, sand mold
casting [19]

boundaries with misorientation angles of greater than 1.5 and 10°, respectively). As
with the previous maps, the conventionally cast sample exhibits only a minor
change in grain-boundary structure with almost no new subgrains, while the stirred
sample possesses a considerably finer grain structure and a larger number of defined
subgrain boundaries with the selected lower misorientation limit, 1.5°. Number of
subgrain boundaries is a key factor during the reheating process as the reheating
time is strongly dependent on the type and quantity of grain boundaries.

Figure 5.34a shows the grain size variation with different superheats in the
conventional samples where no stirring was applied. At 690 °C pouring tempera-
ture, the structure is fully dendritic and the grain structure is quite coarse with an
average size of ~2000 pm.

By reducing the pouring temperature to 660 °C, the grain size was approximately
the same and no significant differences detected in the structure. At 630 °C, the
columnar dendritic structure changed to equiaxed and the grain size has drastically
reduced by almost 70 %. The hefty reduction is due to the overall low temperature
of the bulk liquid which is the main drive for establishing a shallow temperature
gradient in the mold upon pouring as discussed in details earlier in this chapter. As
pointed out, the potential nuclei are therefore able to form almost everywhere
within the melt with greater survival rate, due to low temperature of pouring, to
promote the formation of equiaxed grains. As per experimental observation, it is
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believed the starting point of the grain size reduction should lie between 660 and
630 °C temperature range.

Grain size measurements in the stir-cast samples are shown in Fig. 5.34b (note
that the grain size was measured using polarized light micrographs, i.e., the
measurement was carried out by counting a group of adjacent identical colored
a-Al particles as one grain). At first glance, it is clear that the average size is
reduced dramatically by stirring. As the superheat decreased, the microstructure
becomes more globular and the entire grain size reduction for stirred alloys is
~20% at the lowest pouring temperature (Fig. 5.34b). This reduction in size is
smaller than that of conventional casting and this could be attributed to the effect of
vigorous stirring on the particle size which overshadowed the effect of pouring
temperature (it is interesting that the standard deviation is tighter for low pouring
temperature in both conventional and EM-stirred samples which interprets as the
consistency of the process).

In conventional casting, there is always a competition between equiaxed and
columnar zones and the outcome depends on the degree and extent of different
factors such as temperature gradient, the degree of constitutional undercooling, and
the velocity of the columnar front. Hunt [20] analyzed the growth of equiaxed
grains ahead of columnar front and defined the columnar to equiaxed transition
(CET) parameter and shown that CET is promoted by increasing the alloying
content, nucleant particles, and lowering the superheat and critical undercooling
during heterogeneous nucleation.

Results of the conventional casting in this work also confirm that by lowering the
pouring temperature, a reduction in the columnar growth is observed and conse-
quently equiaxed grains are formed. On the other hand, electromagnetically
induced forced flow is capable of refining the grain structure, and promoting a
greater proportion of equiaxed zone. The CET in conventional sand casting is
occurred at a temperature between 660 °C and 630 °C while by applying the
EMS, CET is promoted and raised to the higher pouring temperature, 690 °C. In
other words, a comparable microstructure to that of the low pouring temperature
conventional casting could be achieved at high pouring temperature with applica-
tion of vigorous stirring. The added bonus is the formation of more globular
particles. This type of the refinement is attributed to the disintegration of dendrites
and the subsequent transport and dispersion of the fragments in the bulk liquid.

As explained in Chap. 3, one theory for grain multiplication in the stirred case is
bending the dendrite arms plastically under the shear forces created by the stirring
action and “dendrite arm fragmentation” was proposed to explain grain multipli-
cation [21, 22]. Plastic deformation is expected to generate dislocations, particu-
larly one sign dislocations to accommodate the curvature with high elastic energy
which can be reduced by dislocation migration and rearrangement into lower
energy configurations; forming subgrains and ultimately new grain boundaries.
These boundaries have a critical role in the degeneration of primary dendrites.
The density of dislocations depends on the stirring condition and thermal charac-
teristics of the semi-solid slurry. Due to the thermal condition of the SSM slurry, the
dislocations are expected to rearrange themselves into walls (dislocation climb)
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Fig. 5.35 Comparison of frequency of grain boundaries versus degree of misorientation, with/
without stirring, 660 °C pouring temperature [19]

with lower total elastic strain energy than the more random dislocation arrange-
ment, i.e., the formation of subgrain boundaries and the accompanying
intragranular misorientation.

This theory is confirmed by electron backscatter diffraction (EBSD) analysis. For
this objective, specimens of two sets of casting, 660 °C, poured in the sand mold with/
without stirring were chosen and prepared for EBSD analysis. Figure 5.35 shows the
typical grain boundary misorientation angle histograms for the two specimens [19].
The EM-stirred sample contains a greater concentration of grain boundaries across the
misorientation range, particularly in the subgrain boundary region, i.e., <10°
misorientation (the histogram is a standard misorientation angle distribution histogram,
with the “frequency” on the Y-axis as the number of misorientations). In this case, each
measured misorientation across the grain boundary counts, meaning that the
misorientation between each neighboring pixel pair straddling a grain boundary counts.
So, a perfectly straight “grain boundary” that is 10 pixels long will have 10 pairs of
neighboring pixels, more if the boundary is not perfectly vertical or horizontal (since
the grain boundary will lie on two or more sides of at least some pixels).

The backscattered electron micrographs with the superimposed grain boundary
map in Fig. 5.36 confirm the histograms of Fig. 5.35 where both the fraction of low
and high angle boundaries increased in the stirred sample (for the histogram, the
sample areas analyzed are the same and therefore the higher density of boundaries
could be another indication of a greater concentration of dislocations in the
EM-stirred sample).

The TEM micrographs shown in Fig. 5.37 are from conventional and stirred
samples. In the conventional condition, dislocations are due to the thermal stresses
during liquid to solid transformation and distributed randomly (Fig. 5.37a) while
with stirring, not only the density of dislocations is increased, but also there are
tangled and rearranged dislocations in the form of subgrain boundaries as depicted
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Fig. 536 EBSD grain boundary mapping, white lines denote subgrain boundaries with
misorientation angles between 1.5 and 10°, and red lines denote high angle grain boundaries
with misorientations greater than 10° (cast at 660 °C pouring temperature) [19]

Conventional EM-Stirred

Fig. 5.37 Bright field TEM images showing: (a) conventional sample, and (b) stirred sample with
high density of dislocations and subgrain boundaries, both were poured at 660 °C pouring
temperature (arrows showing some of the sub grain boundaries) [19]
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by the arrows on the micrograph, Fig. 5.37b (the findings emphasize on the ease of
operation when EBSD is used in conjunction with bulk specimens in contrast to the
complexity of specimen preparation and high degree image interpretation skill
required with TEM application).”

5.4.1.2 Copper Mold

Figure 5.38 shows the polarized light micrographs of the copper mold cast samples.
The comparison between the two sets of micrographs in Figs. 5.31 and 5.38 clearly
displays the effect of cooling rate. Thinner, more compacted dendrites, and smaller
dendrite arm spacing “DAS” are the benefits of high cooling rate of the copper
mold. As for the influence of pouring temperature, similar trends to those of the
sand cast are apparent for the copper mold as well, where reduction in pouring
temperature encourages the formation of more equiaxed structure, see Figs. 5.38a,
¢, and e. The key point is to increase the survival rate of nuclei with reducing
pouring temperature and changes in the heat flow direction with increasing the
number of stable solid particles in the melt which could act as heat sinks. Here the
added bonus is the shorter solidification time of copper mold samples which finally
leads to smaller dendrite size (and consequently smaller DAS).

By stirring, the morphology of the primary a-Al phase changes to rosette and
globular forms. If the micrographs in Fig. 5.38b, d, f are examined closely, the
stirred structure is dependent on the pouring temperature, as the pouring tempera-
ture controls the starting structure in the first place. Therefore, at higher pouring
temperature, stirring has only caused mechanical disintegration of the dendrites and
the resulting fragmented segments provide a rosette type structure. Further evolu-
tion of rosette structure is hindered by higher cooling rate of copper mold which
does not permit complete fragmentation and/or dendrite coarsening to take place.
At lower pouring temperature, the morphology of the primary particles is not
affected by stirring, since the a-Al particles are already nondendritic. Stirring is
more effective at higher superheat as it not only fragments the dendrites, but also
removes the concentration gradient and therefore decelerating the growth. This is
the main reason why the stirred billets are finer than the unstirred ones.

Another side issue is the sintering/coalescence effect which is apparent in higher
magnifications. As shown in Fig. 5.39, particles attached together and form a new
one. This phenomenon was elaborated earlier in Sect. 4.3.

The average grain size in unstirred and stirred conditions is presented in
Fig. 5.40.

’In a TEM image, individual dislocations can be seen by the contrast variations due to differences
in the intensity of the diffracted beam around the strain fields generated by dislocations. However
in the EBSD technique, the local misorientation defines “how dislocations density changes.” In
TEM, information is collected only from a small area of the sample and may be less representative
of the sample as a whole. Moreover, it is also possible to have the nature of the defects altered
during sectioning and thin foil specimen preparation for TEM analysis.
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Fig. 5.38 Polarized light micrographs showing the effect of pouring temperature and stirring on
the grain and globule size variations in copper mold casting, (a), (c), and (e) conventional and (b),
(d), and (f) EMS-stirred

» In conventional castings, there is a sudden reduction in grain size from 690 to
660 °C where reduction in size is about 72 %. By comparing the results with sand
mold, Fig. 5.34a, columnar-equiaxed transition, CET, shifted to higher temper-
atures by increasing the cooling rate. It means that in sand casting, the CET
occurs at lower temperatures due to lower cooling rate but with better cooling
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Fig. 5.40 Grain size measurements in: (a) conventional and (b) EMS-stirred samples, copper
mold casting [23]

conditions the CET shifts to higher temperatures, which in this case is about
660 °C. There is also a larger error bar related to the billets cast at 690 °C which
indicates a wider range of grain size in the sample while by lowering the
temperature, this variation becomes minimum, uniform grain distribution.
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e There is a similar refinement trend in the stirred conditions regardless of the
cooling rate, Figs. 5.34b and 5.40b. However, the grain and globule size values
shifted to lower ones by increasing the cooling rate.

* Grain size reduction due to the pouring temperature in the EMS treated alloy is
not as significant (46 % reduction) as that of the unstirred alloy (81 %). It is
believed, stirring and pouring temperature have the same function and that is to
increase the number of potential nucleants, former does it mechanically by
generating large number of fragments and the latter thermally. Therefore, if
low pouring temperature becomes a restricting factor during production, it can
be compensated by stirring.

As a general conclusion, by increasing the cooling rate, columnar evolution to
equiaxed is accelerated and therefore for similar pouring temperature, the structure
is different. By stirring the alloy in the mushy zone, dendritic grains transform to
globules and the CET shifts up to higher temperatures, Fig. 5.41 (a similar effect
may be proposed for dendrite to globule transition, “DGT”).

References

1. M.C. Flemings, Behavior of metal alloys in the semi-solid state. Metal. Trans. A 22A, 952-981
(1991)

2. D.H. Kirkwood, Semi-solid metal processing. Int. Mater. Rev. 39(5), 173-189 (1994)

3. Z. Fan, Semisolid metal processing. Int. Mater. Rev. 47(2), 49-85 (2002)

4. O. Lashkari, S. Nafisi, R. Ghomashchi, Microstructural characterization of Rheo-Cast Billets
prepared by variant pouring temperatures. J. Mater. Sci. Eng. A 441, 49-59 (2006)

5. V. Laxmanan, M.C. Flemings, Deformation of semi-solid Sn-15%Pb alloy. Metal. Trans. A
11A, 1927-1937 (1980)

6.J.A. Yurko, M.C. Flemings, Rheology and microstructure of semi solid aluminum alloys
compressed in drop forge viscometer. Metal. Trans. A 33A, 2737-2746 (2002)

7. L. Azzi, F. Ajersch, Development of aluminum-base alloys for forming in semi solid state. in
Trans Al Conference (June 2002, Lyon, France), 23-33



References 195

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

J. Langlais, A. Lemieux, B. Kulunk, Impact of the SEED processing parameters on the
microstructure and resulting mechanical properties of A356 alloy castings. in AFS Trans-
actions (2002), paper 06-125

. J. Langlais, A. Lemieux, The SEED technology for semi-solid processing of aluminum alloys:

a metallurgical and process overview. Solid State Phenomena 116-117, 472-477 (2006)

S. Nafisi, O. Lashkari, R. Ghomashchi, J. Langlais, B. Kulunk, The SEED technology: a new
generation in rheocasting. in CIM-Light Metals Conference (Calgary, Canada, 2005), 359-371
J. Jorstad, Q.Y. Pan, D. Apelian, Effects of key variables during rheocastings—fraction solid
and flow velocity. in /11th Metal Casting Congress (NADCA, 2007)

M.C. Flemings, Solidification Processing (McGraw-Hill, New York, 1974)

O. Lashkari, S. Nafisi, J. Langlais, R. Ghomashchi, The effect of partial decanting on the
chemical composition of semi-solid hypo-eutectic Al-Si alloys during solidification. J. Mater.
Proc. Tech. 182, 95-100 (2007)

S. Nafisi, O. Lashkari, J. Langlais, R. Ghomashchi, The impact of partial drainage on chemical
composition of 356 Al-Si alloy. Mater. Sci. Forum 519-521, 1765-1770 (2006)

ASTM International Standard Worldwide, Volume 02.02, Aluminum & Magnesium Alloys
(2004), 78-92

D.G. McCartney, Grain refining of aluminum and its alloys using inoculants. Int. Mater. Rev.
34(5), 247-260 (1989)

A. Hellawell, Grain evolution in conventional and Rheo-castings. in 4th International Con-
ference on Semi-Solid Processing of Alloys and Composites (Sheffield, England, 1996), 60-65
R.D. Doherty, H.I. Lee, E.A. Feest, Microstructure of stir-cast metals. Mater. Sci. Eng. A65,
181-189 (1984)

S. Nafisi, J. Szpunar, H. Vali, R. Ghomashchi, Grain misorientation in Thixo-billets prepared
by melt stirring. Mater Charact 60, 938-945 (2009)

J.D. Hunt, Steady state columnar and equiaxed growth of dendrites and eutectic. Mater. Sci.
Eng. A65, 75-83 (1984)

A. Vogel, R.D. Doherty, B. Cantor, Stir-cast microstructure and slow crack growth. in Pro-
ceedings of the Solidification and Casting of Metals (The Metals Society, London, 1979),
518-525

A. Vogel, B. Cantor, Stability of a spherical particle growing from a stirred melt. J. Cryst.
Growth 37, 309-316 (1977)

S. Nafisi, D. Emadi, M.T. Shehata, R. Ghomashchi, Effects of electro-magnetic stirring and
superheat on the microstructural characteristics of Al-Si-Fe alloy. J. Mater. Sci. Eng. A 432,
71-83 (2006)



Chapter 6
Rheocasting-Melt Treatment

Abstract The process of melt treatment (grain refining and modification) is a
routine practice for conventional Al-Si alloys casting. For SSM processes, it is
worthwhile to see the effect of grain refiner and modification on the primary o-Al
dendrites and eutectic silicon. This chapter provides a detailed analysis to verify the
effect of melt treatment on the microstructure of as-cast SSM billets. The mecha-
nism of grain refining and modification is examined through thermal analysis,
rheological studies, and quantitative metallographic characterization for a range
of grain refining master alloys and Sr-based modifiers in different rheocasting
processes.

6.1 Melt Treatment in Semi-Solid Casting, A Review

The process of melt treatment which covers the practice of grain refining and
modification is routinely carried out in conventional Al-Si alloys casting to refine
the primary o-Al dendrites and eutectic silicon to strengthen the as-cast structure
with improved toughness. In SSM processes, however, the melt treatment is not a
routine practice and the information provided here should verify if it needs to be
implemented and the resulted improvements warrant melt treatment. In the follow-
ing sections, both grain refining and modification of Al-Si alloys using Ti, B, and
Sr-based master alloys will be discussed.

6.1.1 Effects of Grain Refining on Semi-Solid Structures

Addition of grain refining agents to molten aluminum is now a prerequisite for
successful and economic casting. Grain refinement provides an equiaxed grain
structure, uniform mechanical properties, and better machinability; it also reduces
shrinkage, increases resistance to hot tearing, and improves feeding [1].

In the SSM processing of aluminum alloys, especially Al-Si alloys, the size of
the primary a-Al particles plays an important role in the final mechanical proper-
ties. Most of the alloying elements reduce the size of a-Al grains but one of the
effective methods for reducing the size of grains is the application of grain refiner. It
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was reported that the best flow behavior for semi-solid metal processing is achieved
if the raw material structure consists of finer and more rounded globular grains [2].

In the science of semi-solid, there is not much work reported on the direct
incorporation of grain refiners during the processing and preparation of slurries
and most of the works are related to the post thermal treatment of the cast billets. As
aresult, the current section is to cover the research works on the two main groups of
SSM processes: thixo and rheocasting.

6.1.1.1 Grain Refining During Thixocasting

A typical grain refining curve shown in Fig. 6.1 presents the grain size of primary
phase in relation to the grain refiner addition. At lower addition level, the grain size
decreases significantly; however, above a certain level of titanium and/or boron
addition, C;, which in this case is around 600 ppm, only slight improvements in
grain size are achieved. Due to the technical and economic reasons, the usual
addition level is therefore as low as possible; this is in the range of C; for cast
alloys and even below C; for wrought alloys. If Direct Chill (DC) cast bars of this
type are reheated for SSM processing, a long reheating time is required to produce
globular grains by dendrite root remelting, ripening, and coalescence as explained
in details in Chap. 3. However, some preliminary experiments indicated that higher
addition levels of grain refining agents may promote the formation of globular
grains during reheating, even though it does not significantly change the as-cast
structure [3, 4].

Gabathuler et al. [2] by using different refiners, EMS stirring, and ultrasonic
treatment, and observing the microstructure as well as the forces needed to extrude
SSM AlSi7Mg0.3 billets through a die (ingot with 75 mm diameter), claimed that
that AISTilB and Al2.5Ti2.5B master alloys are not efficient enough for the
production of thixo-billet. This is because the desired grain size for an adequate
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Fig. 6.1 Grain refining of A356 alloy with A15TilB master alloy with different additional levels
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Table 6.1 Effect of AITiB grain refiner on the grain size of DC cast Al7Si0.3Mg [2]

Grain diameter [pm]
Ingot Homogeneity
Grain refiner Concentration [%] Near ingot surface center of grain size
Without - ~ 5000 ~ 2000 feather
{ crystals

AITi5B1 0.02 350 500 Good

0.1 300 500 Good

0.5 240 420 Very good
AlTi2.5B2.5 0.02 400 450 Good/poor

0.1 300 350 Good

0.5 220 300 Very good

thixotropic material is less than 150 pm and the measured grain sizes were never
below 200 pm (Table 6.1).

Wan et al. [3, 4] added AlSTilB master alloy to the A356 and poured it in a
water-cooled conical brass mold (80 mm dia.) and a preheated steel mold (50 mm
dia.) to achieve different cooling rates for billet production. The samples were then
heated in a medium frequency induction heating furnace to a temperature 5 °C
above the eutectic/solidus temperature with varying heating rate and holding period
(up to 15 min) and they were quenched after holding. The following results were
concluded (Fig. 6.2):

¢ Ata given addition rate, the grain size both in the as-cast and reheated conditions
decreases with increasing the cooling rate

» Above approximately 0.025%T1, the as-cast grain size is almost constant and are
equiaxed dendritic

¢ The minimum reheating time for the formation of globular grains decreases with
increasing addition level of refiner

e The grain size remains almost unchanged above the conventional addition
percentage but the shape of the primary particles at higher additional levels
can be changed from dendritic to globular by reheating within a shorter time

« It was stated that at an addition level of 0.26%Ti, the minimum reheating time is
at an acceptable level (5 min) and the globular size is about 120 pm

Mertens et al. [5] examined the aluminum wrought alloy 6082 with different
feedstock manufacturing and feeding routes. In the refined as-cast structure, the
material already has a globular dendritic matrix. Heating to 635 °C and isothermal
holding for 5 min induces a structure suitable for thixoforming with a mean grain
diameter of about 90 um approximately. After holding for 20 min at 640 °C, the
a-Al phase is present in an almost spherical form, but the structure is slightly
coarser (about 130 um mean grain diameter) (Fig. 6.3).

Bergsma et al. [6, 7] have observed the combined effects of high solidification
rates and grain refining on 76.2 mm diameter billets of A356 and A357. The
average grain size before reheating was 120 pm and samples were reheated to
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Fig. 6.2 Grain size variation with refiner addition. The microstructures of A356 are shown as
example. C; =conventional addition level and C, = critical addition level where after that, the
sphericity remains almost constant [3]

588 °C and then quenched. The results show that combination of refiner addition
and thixoforming results in spherical particles formation. Also with increasing the
holding time at 588 °C, the particles tend to grow and become more spherical with a
shape factor closer to one (Fig. 6.4).

Tahara et al. [8] also reported the effect of adding refiner to Al7Si3Cu-0.1~ 1%
Fe. In their study, 0.2 %Ti was added to the alloy and poured into a metallic mold
with 10 °Cs~" cooling rate. For semi-solid experiments, specimens were reheated at
587 °C for 10 min. The dendritic a-Al particles changed to globules and the grains
coarsened slightly to 100 ~ 150 pm from an initial size of about 100 pm.
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Fig. 6.3 Structural development of the grain refined material as a function of the temperature and
holding time (adapted from [5])
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Fig. 6.4 (a) Shape factor as a function of holding time, (b) average 3D particle diameter versus
holding time (shape factor was defined as reverse of sphericity, Sect. 4.3.2.5) [6]

Wang et al. [9-11] with experiments on Al7Si0.35 Mg in 50 mm steel mold at
different pouring temperatures have shown that using both low pouring temperature
and grain refining could optimize the structure during billet casting, partial
remelting, and injecting. They confirmed that the addition of refiner imparts little
effect on grain size for the casting condition used in their work but after isothermal
holding at 580 °C, it was concluded that the refined samples attained a globular
structure faster than the nonrefined alloy as a result of more rosette like structure of
the refined sample.

Table 6.2 and Fig. 6.5 show the variation of grain and globule size before and
after refiner addition and/or reheating. Grain refiner has an obvious effect on the
structure both on the as-cast and reheated structures. The time for globularization
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Table 6.2 Selected microstructural parameters measured in the as cast and reheated billets at
580 °C for 15 min [10]

As-cast microstructure Reheated microstructure

Casting condition | Structure Grain size (pm) | Particle size (pm) | Morphology

650 °C Fine-grained, | 200 102 Spherical globular
dendritic

650 °C+ GR Fine globular | 160 95 Spherical globular

Fig. 6.5 Microstructures of: (a) as-cast 650 °C, (b) as-cast grain refined 650 °C, (c¢) and (d) partial
remelted and isothermally held at 580 °C for 15 min from the initial microstructure of (a) and (b)
respectively [10]

depends on the initial grain size and morphology of as-cast structure. As shown in
Fig. 6.6, the globularization time decreased from 30 to 10 min when the as-cast
grain size changed from 350 to 200 pm. For grain refined structure (shown as “fine
globular structure”), the time decreased from 10 to 5 min. Therefore, the smaller
grain size billets require lesser reheating time during thixocasting.

Also the shear behavior of the semi-solid material was measured using a direct
shear test. Billets were prepared at 650 °C and grain refined with AI5STiB master
alloy to reach 0.05%Ti. Samples partially remelted and quickly transferred to the
test unit. They were isothermally held at 580 °C for 0.5, 2, 3.5, 5, and 10 min before
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Fig. 6.6 Globularization time for different microstructures isothermally held at 580 °C [10]

shearing. Figure 6.7a shows the shear results for different treatments and holding
times. For longer holding times, more globules form which results in lower shear
strength. The reduction in shear strength is achieved at longer times for
non-grain refined samples; 6 min of reheating to reach to 10 kPa shear strength in
contrast to 3 min for the refined specimen to have the same shear strength. The
difference in shear strength becomes negligible at longer reheating times [11].

At the next step, grain refined billets were isothermally held at 580 °C for 0.5,
2, and 5 min and then injected into a stepped die as explained in Sect. 2.2.3. All of
the castings were completely filled. X-radiographs revealed all castings were free
from internal porosity and the quality was reported to be much better than those
made from non-grain refined billets (Fig. 6.7b) [11].

Pan et al. [12, 13] used boron refiners in the form of SiBloy trade mark and for
comparison, a commercial TiB,-refined ingot was examined as well. It was found
that in non-reheated samples, boron-refined billets have smaller grain size com-
pared to TiB, grain-refined sample (Fig. 6.8a, b). Moreover, B-refined billets have
more uniform grain size distribution on the billet cross section than commercial Ti-
B-refined samples. Figure 6.8 compares typical B-refined and Ti-B-refined billets
before and after reheating. One can see the structure of the latter has much more
entrapped liquid content, larger a-Al particles, and less spherical particles (com-
paring Fig. 6.8c, d). Quantitative metallography has shown that the B-refined billets
have four times less entrapped liquid. Figure 6.9 shows the difference between
Ti-B- and B-refined billets. It was concluded that the optimized boron-refined alloy
is an improved candidate billet material for SSM processing.

In another study, EMS billets of 2024 and 7075 wrought aluminum alloys with/
without refiner addition (in the form of AI5STilB) were thixocast and their
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Fig. 6.7 (a) Variation of
shear strength with
isothermal holding time
(adapted from [11]), (b)
semi-solid castings made of
grain refined billets and the
X-radiographs of the cast
pieces [11]
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microstructural evolution, mechanical properties, and fluidity were investigated. It
was found that by refiner addition, the grain size of as-cast billets and globule size in
thixocast samples were decreased. The tensile properties of T6-treated specimens
fabricated by EMS were superior to the permanent mold cast ones (for 7075 alloy
was claimed even to be better than forged samples). The refined EMS billets had
finer globules with uniform liquid distribution leading to better and even flow in the

mold [14].
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Fig. 6.8 Typical structures of the A356 alloy; (a) B-refined through SiBloy, (b) as-cast TiB,
refined, followed by a comparison of semi-solid structures of B-refined billets (¢) with those of
TiB, refined (d) (reheated temperature: 585 °C) [12]

AIB, Refined ~ '286m
TiB, Refined

Values of parameters

V; (%) Shape Factor c\ -Al diameter (im)

Fig. 6.9 Image analysis results (Vy: entrapped liquid content, shape factor was defined as reverse
of sphericity, Sect. 4.3.2.5, and «a-Al particle size) [12]
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6.1.1.2 Grain Refining During Rheocasting

Grimmig et al. [15] used refiner and modifier to investigate the effect of melt
treatment on the final quenched microstructure of A356 SSM material produced
via cooling slope process. It was claimed that the addition of refiner did not change
the structure and just what supplier added was enough. However, it is clear from the
optical micrographs in their paper, Fig. 6.10, that the primary a-Al particles are
finer, better distributed, and even a-Al percentage is increased.

In another study, prealloyed ingots of Al7Si0.3 Mg were melted, degassed, and
refined by addition of Ti, and Ti-B (all the alloys were modified with Sr within
77-92 ppm range). Melts then were poured in shot sleeves and injected to the die
cavity. It was shown that addition of refiner slightly raises the roundness factor of
the a-Al particles (Fig. 6.11) [16].
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Fig. 6.10 Microstructures with and without inoculation (by addition of AISTilB) in the quenched

billets [15]
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Fig. 6.11 Roundness factor of test specimen (roundness was defined as the ratio of alpha particles
over an imaginary circle having the same circumference) (reproduced from [16])
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Fig. 6.12 Mean particle size (a) and mean intercept length (b) versus time for isothermal stirring
at 615 °C [17]

In support of the above-mentioned observations, Sukumaran et al. [17] with
isothermal rheocasting studies of Al5.2Si alloy have shown that the size of primary
a-Al particles obtained with the refiner addition followed by stirring is compara-
tively smaller than that obtained without refiner. This was attributed to heteroge-
neous nucleation resulting in the formation of equiaxed grains suppressing the
formation of dendritic/columnar structure.

The effects of isothermal stirring at a constant shear rate (210 s~ ') on the mean
particle size and intercept length are shown in Fig. 6.12. As the isothermal shearing
time increases, the particle size decreases initially, reaches a minimum value and
increases again. In the case of refined alloy, the time that was required to obtain
the minimum particle size is less than that for the nonrefined one. In both figures,
the addition of refiner reduces the size of the particles and improves the degree of
their roundness.

The relationship between viscosity and refinement efficiency with the addition
of various AlTiB master alloys was studied by Yu and Liu [18]. The commercial
aluminum alloy melted and treated by AITiB refiners at 720 °C and the viscosity
was measured by using a torsional oscillation viscometer after 30 min holding time
(note that the experiments were carried out at liquid state, not within the semi-solid
zone). Figure 6.13 shows the results indicating that refiners have a remarkable
increase in viscosity of liquid metal compared to unrefined aluminum. The authors
claimed that by addition of AISTilB refiner, a Ti transition zone forms at the
interface of TiB, and results in the increase of the viscosity followed by grain
size reduction in solidification [18].

6.1.2 Effects of Modification on Semi-Solid Structures

It is well known that the growth mode of the Al-Si eutectic can be modified by the
addition of modifiers such as strontium. With the presence of a modifying element,
silicon growth mechanism is modified and its morphology changes to fibrous. In
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general, the structural modification is concluded to be the result of a change in the
growth mechanism from layer to continuous growth [19]. The morphological
change of the Si phase results in improving mechanical properties, including higher
strength and better ductility of the alloy.

One of the main aims of SSM processing, with specific emphasis on Al alloys is
to obtain globular structure of the primary phase to improve mechanical properties
and thixotropic behavior of the alloy. As a result, there is not much work reported
on the other micro-constituents that usually form during solidification of Al alloys
such as silicon. Fat-Halla [20] have studied the effect of modification on the stirring
of commercial alloys A-S7G03 (7.1%Si, 0.3%Mg) and A-S4G (4.2%Si, 0.1%Mg).
As expected, the eutectic silicon in the conventionally cast sample has a flake
morphology with relatively large size. With stirring, not only the a-Al particles
transformed to rosette and globules but also the eutectic silicon is broken into much
smaller sizes. With Sr addition, the eutectic silicon becomes very fine and the
optimum modification of stir-cast alloys was achieved at around 0.02%Sr. Higher
amount of Sr addition results in overmodification which could have detrimental
effects on the mechanical properties [20].

Figure 6.14 shows stress—strain curves for the unmodified and modified stir-cast
356 alloy. The yield strength was reported almost the same value of 110 MPa for
both cases. The ultimate tensile strength (UTS) has significantly increased from
160 to 210 MPa with modification. Moreover, the percentage elongation was
increased remarkably from 2.75 % for the unmodified alloy to 15 % for the modified
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one. Furthermore, the fracture surfaces, as examined by SEM, showed dimple and
smooth ripple patterns, for the modified stir-cast alloys, reflecting the high
ductility [20].

Loue and Suéry [21] performed some experiments with direct chill and perma-
nent mold casting using EMS, and addition of Sr to Al7Si (with 0.3 and 0.6 %Mg)
alloy. They have investigated the effect of isothermal holding at 580 °C on the
resulting microstructure and shown that with addition of Sr, the morphology of
eutectic silicon has changed and the grain size has decreased slightly. It was also
found that the kinetics of remelting of the eutectic phase was not altered by the Sr
modification. In addition, the presence of Sr in the liquid phase did not change the
coarsening characteristics of the solid phase.

Jung et al. [22] investigated the morphological changes of primary Al phase in
A356 alloy by using EMS and Sr modification. It was found that the optimum
current for globalization is 15A. As well, the optimum addition of Sr was reported
to be 50 ppm. Above this amount, the eutectic silicon was well modified but the
average size of primary a-Al phase increased. It was suggested that the increase in
the a-Al particle size is due to the extended mushy zone resulting from Sr addition.
The average size of the eutectic Si for the stirred condition is slightly smaller than
that of the non-stirred alloy. This was assumed not directly related to electromag-
netic stirring and is probably because of uniform distribution of the modifier due to
the stirring (Fig. 6.15) [22].

Grimmig et al. [15] with cooling slope process and addition of 175 ppm Sr to
A356 alloy have shown that Sr addition results on changing the Si morphology from
lamellar (flake) to fibrous and this effect fades during holding time.



210 6 Rheocasting-Melt Treatment

aso b s
254 5 —e— no-stirred
—— stirred
20 __ 4
€ €
8" o 3
» N
10 “ 2
5 1
4
0 0
0 50 100 150 200 250 300 0 100 200 300
Sr (ppm) Sr (ppm)

Fig. 6.15 (a) Variation of the average size of the eutectic Si stirred at 15A with the amount of Sr,
(b) Effect of electromagnetic stirring on the average size of the eutectic Si [22]

6.2 Melt Treatment in the Semi-Solid Casting,
SEED Technology

One of the most appropriate alloys for SSM processes are aluminum alloys. In this
category hypoeutectic Al-Si alloys gained attention due to their superior formabil-
ity, better mechanical properties, higher strength-to-weight ratio, relative lower
melting point, and wider solidification range. Generally, a desired structure in SSM
processing is defined as a structure free from dendrites, preferably fully globular
(spherical primary particles), and minimum or no entrapped eutectic. Therefore, the
formation of globule morphology is of paramount concern while other variables are
almost neglected. In the case of hypoeutectic Al-Si alloys, the primary a-Al particle
size and eutectic silicon morphology are the main parameters that affect mechanical
properties of the selected alloy. Addition of inoculants to the molten aluminum is
now a prerequisite for successful and economic casting. Grain refinement in
conventional casting provides an equiaxed grain structure, uniform mechanical
properties, reduction in solution treatment time, general soundness, and better
machinability. It also eliminates shrinkage porosity, increase resistance to hot
tearing, and improve feeding. The mechanical properties of Al-Si alloys depend
not only on the primary particles size and morphology, but also on the morphology
of the eutectic Si particles. Therefore, modification of the Si morphology is the next
factor in foundry operations.

In conventional high pressure diecasting, melt treatment (including refining and
modification) is rather uncommon. This can be explained by the nature of high
cooling rate of the process and consequently finer microstructure. For rheocasting,
there are two stages for alloy solidification: one with lower cooling rate during
slurry preparation to obtain globular structure and the second step with faster
cooling rate, typical of conventional diecasting, during billet injection and shaping
(Fig. 6.16). The main step concerning solidification is the slurry preparation (low
cooling rate) which involves the nucleation of the primary particles affecting the
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Fig. 6.16 Schematic
presentation of various
cooling rates in rheocasting;
(1) low cooling rate due to
the slurry preparation,

(2) high cooling rate during
diecasting process
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entire structure. At this stage, melt treatment (grain refining and modification) is
critical as it has an impact on the physical properties of alloy including surface
tension and flow characteristics.

6.2.1 Grain Refining

Normally, hypoeutectic Al-Si alloys form coarse columnar, and equiaxed o-Al
grains during solidification. The percentage of each zone depends on a multitude of
parameters including pouring temperature, cooling rate, temperature gradient in the
liquid, and the mold material which also influences thermal gradient established
within the molten alloy.

The integrity of hypoeutectic Al-Si cast products is dependent on the fraction,
size, and morphology of primary a-Al and this is why in foundry operations a close
control over the a-Al formation is of great importance. The quality of the casting is
improved by reducing the a-Al grain size and manipulating its morphology, i.e.,
refinement process. Generally, as mentioned by Kissling and Wallace in 1963, there
are three principal methods for achieving grain refinement in Al alloys [23]:

« Rapid cooling (Chilling effect)
e Agitation of the melt and semi-solid metal processing
» Addition of grain refiner to the melt

In the first method, a fine dendritic structure is formed in the casting due to the
rapid cooling where large undercoolings may be achieved before solidification
initiation. This in turn affects the size of critical nuclei, smaller critical nuclei
size, and thus increasing the effective number of nuclei to eventually rendering fine-
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grained structures. In the second method, refinement is accomplished by some
means of breaking up dendrites in the semi-solid state. By far the most convenient
method for grain size control is to introduce particles into the melt which nucleate
new crystals during solidification as there are certain restrictions due to the
mechanics of casting for the two former methods.

For semi-solid casting, in spite of several reports in the literature on the direct
incorporation of refiners during SSM slurry preparation, there are still some ambi-
guities on the mechanism of grain refining and modification which will be
addressed in the following section.

6.2.1.1 Master Alloys
Al5%Ti1%B
Optical and electron micrographs of a transverse section of a commercially pro-

duced master alloy are shown in Fig. 6.17. The microstructure of AI5TilB master
alloy consists of Al;Ti and TiB, particles embedded in aluminum matrix. The

Ti x-ray map B x-ray map

Fig. 6.17 Typical optical and backscattered electron micrographs with X-ray maps of Al5TilB
master alloy, cross section, rod form [24]
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microstructure is almost homogenous with small clusters of TiB, particles which
are segregated within the aluminum matrix. The average length and width of Al;Ti
particles are 27+ 15 pm, 11+6 pm, respectively. The presence of the TiB,
particles is substantial because of the high boron content shown in the boron
X-ray map.

Al4%B

Optical and backscattered electron micrographs plus X-ray maps for Al and B are
presented in Fig. 6.18. Chemical analysis by microprobe and size measurement
confirmed the microstructure of the Al-4%B consists primarily of AlB;, particles
with the average size of 6 +3 pm. The AlB, particles are not distributed well
within the master alloy and different sizes of particle agglomeration observed in the
structure.

o
Al x-ray map B x-ray map

Fig. 6.18 Typical optical and backscattered electron micrographs together with X-ray maps of
Al4B master alloy, waffle form [25]
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Al x-ray map B x-ray map

Fig. 6.19 Typical optical and backscattered electron micrographs together with X-ray maps of
AI5B master alloy, cross section, rod form

Al5%B

The microstructure of the commercially produced master alloy comprises of fine
and nearly blocky AlB, particles with average length and width of 9+ 6 pm and
6 £ 3 pm, respectively. These particles are distributed within the aluminum matrix
with some degree of agglomeration as seen in Fig. 6.19.

6.2.1.2 Addition of Ti-B by Al5TilB Master Alloy

In different standards such as ASTM [26], commercial 356 alloy contains dissolved
titanium in the range of 0.1-0.2 wt%. This Ti has a key role on suppression of the
growth of primary a-Al which will be explained later in the form of growth
restriction factor (Sect. 6.2.1.4). Therefore, for further clarification on the effect
of fresh Ti addition in the form of refiner and also to investigate the sole boron
addition, the two Sects. of 6.2.1.2 and 6.2.1.3 report on two different master alloys
additions.

The study was performed by addition of AlI5STilB to the base alloy which was
almost free of titanium (maximum 58 ppm Ti in solution), see Table 6.3.
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Table 6.3 Chemical analysis of the base alloy (wt. %)

Si Mg Fe Mn Cu Ti B Sr | Al
6.44-6.53 | 0.36-0.39 | Max 0.07 | Max 0.003 | Max 0.001 | Max 0.0058 |Nil |Nil |Bal.
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Fig. 6.20 The initial section of cooling curves for untreated and treated A356 alloys (results from
central thermocouple, graphite cup) [24]

Conventional Casting

Thermal Analysis

The effect of AI5STilB refiner addition to the A356 alloy on the early stages of
solidification is illustrated in Fig. 6.20. Small additions of Ti-B shifted the cooling
curves up and to the left with the recalescence decreasing with increasing master alloy
content. The nucleation event takes place at higher temperatures and at shorter times
after pouring. As reported [27-29], an effective refiner does not have any undercooling
before the actual growth temperature. In fact, the smaller the recalescence, the more
effective is the refiner. In these series of experiments, it is revealed that A15Ti1B does
not remove recalescence completely even at the maximum additional level.
FactSage software' was used to predict the influence of Ti on Al7SilMg alloy.
In this case, an isopleth® phase diagram was constructed for Al7SilMg alloy

"FactSage is a commercial thermodynamic-based software package (http://www.crct.polymtl.ca/
factsage)

2An isopleth is a type of phase diagram which may come from ternary or higher degree system
where the phase relationship is identified for the elements of interest at different temperatures with
variation of one element.
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with Ti addition, Fig. 6.21. The prediction of forming intermetallic compounds is
highly dependent on the selection of the database and the expertise of the user
including his/her knowledge of the alloy and possible intermetallic reaction
amongst the constituent elements. For example if the intermetallics containing
binary Ti-Si or ternary Al-Si—Ti are not selected in the database, then only the
intermetallics of Al-Ti appears in the phase calculation which is the case here. In
comparison to the binary Al-Ti phase diagram, Fig. 6.21a, the start of peritectic
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Fig. 6.21 FactSage calculation of: (a) Al-Ti binary diagram, (b) the isopleth for AI7Sil1Mg versus
Ti concentration
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reaction shifts to the Ti concentration of ~0.17 % Ti for Al17Si1Mg alloy in contrast
to ~0.11 % Ti for Al-Ti binary alloys. This has a bearing on the nucleation of a-Al
grains due to the formation of Al;Ti particles as potential nucleant. In actual testing
condition, however, other parameters such as alloying and trace elements, cooling
rate, and TiB, particles (size, morphology, and distribution) in the master alloy may
increase solidification temperature range even further and improve refining effi-
ciency. It is also important to indicate that every predictive software calculates the
changes based on its logic and database and therefore the result may not be
identical.

Figure 6.22 presents selective thermal analysis parameters. By refiner addition,
nucleation and growth temperatures of a-Al increased by ~5 and 3 °C, respectively.
The increasing nucleation temperature allows new crystals to form ahead of
solidification front, rendering an equiaxed fine-grained as-cast structure. Further-
more, the rate (slope of the curve) at which growth temperature increases is less
than nucleation temperature. In other words, there are more nuclei with less growth
potential and consequently refining mechanism should be active. This is one of the
basic principles for a grain refiner to be rated as effective.
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Fig. 6.22 Effect of Ti & B addition on the: (a) nucleation and growth temperatures of primary
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The recalescence becomes approximately constant after ~600 ppm Ti addition
and from thermal analysis standpoint; the critical Ti addition for this alloy appears
to be about 600 ppm (Fig. 6.22b). Further addition may form Ti-based intermetal-
lics which are detrimental to the mechanical properties of the as-cast products as
discussed later. Lowering the recalescence has influence on the growth of primary
a-Al particles. The minimum temperature at the beginning of solidification, T yn,,,
shows the temperature where the rate of latent heat liberation is balanced out with
the heat extracted from the sample. In untreated alloy, the existence of recalescence
means the heat generated with the commencement of solidification could not be
transferred out of the mold completely and therefore the heat balance leads to the
appearance of recalescence. In refined alloy, nucleation temperature increases and
therefore in contrast to the untreated alloy, there are more primaries within the same
time interval for the refined alloy. These solid a-Al particles can serve as heat sinks
to absorb the heat released from surrounding liquid and therefore leads to lower
recalescence compared to the untreated alloy.

There could be a second hypothesis to justify the disappearance of recalescence
with inoculation. This could be attributed to the lower growth in the refined alloys
which results in lesser heat being evolved to balance out the heat extracted from the
solidifying alloy.

Structural Analysis

Figure 6.23 shows the microstructural evolution by addition of Al5TilB master
alloy. The microstructure without refiner comprises coarse dendritic grains which
refine with increasing Ti and B. The incorporation of numerous nucleants due to the
refining agent encourages the formation of many o-Al particles with smaller
boundary layers due to smaller inter-nuclei spacing. The result is lower growth
and multidirectional heat flow to eventually forming equiaxed structure.

Figure 6.24 illustrates the refining effect of the master alloy where with the
refiner addition, grain size reduced continuously and the final grain size is around
~590 pm. By comparing average grain size against nucleation and growth temper-
atures of primary a-Al, one could see that with addition of up to 800 ppm Ti, there is
a continuous reduction in grain size but remains almost unchanged in excess of
800 ppm. The lack of grain size reduction after 800 ppm Ti may be attributed to the
extra Al;Ti particles becoming inactive nucleants. This phenomenon was discussed
in Sect. 6.1.1.1.

The correlation between the average grain size, a-Al nucleation temperature,
and recalescence time is demonstrated in Fig. 6.25. Refiner addition results in
decreasing the recalescence time (remember, smaller grains are due to increasing
of refiner percentage). Assuming that nucleation fully stops at the minimum value
for undercooling, a small value of g, signifies that the grains do not have a long
growth period. In other words, longer values of tg.. are related to more growth
opportunity and consequently larger grains formation. This is in line with polarized
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Fig. 6.23 Polarized light micrographs showing the effect of Ti-B addition: (a) without grain
refiner, (b) 210 ppm Ti, 27 ppm B, (¢) 520 ppm Ti, 73 ppm B, and (d) 820 ppm Ti, 100 ppm B
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Fig. 6.25 Relation between grain size and recalescence time

light micrographs in Fig. 6.23 and previous findings on the effect of refiner addition
to the Al-Si alloys [30, 31].

The ability of the AISTilB master alloy to initiate refining depends on two
parameters. First and the obvious one is the potency of the intermetallic particles in
the master alloy with an emphasis on TiB,. Also, after addition of refiner and by
passing the time, due to the solubility of the master alloy within the melt, a portion
of titanium will dissolve. This portion which comes from the Al;Ti or the Ti in the
a-Al matrix of the master alloy imparts its suppression of the growth to further
improve the overall efficiency of the refiner.

Semi-Solid Processing

Structural Analysis

The effectiveness of the added Al5TilB refiner on the morphology of primary o-Al
particles in the stirred SSM alloy is well illustrated in Fig. 6.26. It appears that
refiner has further reduced primary o-Al particles size and dispersed eutectic
regions uniformly as an added bonus to the already refined structure resulted due
to stirring. With inoculation, the percentage of the primary o-Al phase is slightly
increased which is related to the higher nucleation temperature and the formation of
numerous nuclei, as discussed earlier.

It may be argued that with the addition of Ti, grain growth may be restricted due
to the primary a-Al dendrites rejecting Ti into the solid-liquid interface as they
grow. As the concentration of Ti increases at the interface, it may reach the level
where new nucleants of Al3Ti could form within the interface layer. The presence
of TiB, in the master alloy together with the newly formed Al;Ti particles may
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Fig. 6.26 Optical micrographs showing the refiner addition effects in the SEED process: (a)
without addition, (b) 210 ppm Ti, 27 ppm B, (¢) 520 ppm Ti, 73 ppm B, and (d) 1300 ppm Ti,
210 ppm B

encourage the formation of new a-Al nuclei within the interface. The newly formed
a-Al particles are expected to reject Ti into the newly formed interfaces as they
grow. The repetition of such mechanism ensures the formation of finer and more
equiaxed particles as these globules could not grow much because of the neighbor-
ing globules and also higher growth restriction factor due to the titanium addition.
The drawback is the agglomeration of Ti-based compounds with increasing Ti
content beyond approximately 1000 ppm which degrades the potency of the
nucleants. Basically, the sources for agglomeration are (Fig. 6.27) as follows:

1. The nature of refiner itself where some Ti-based particles may not have the
potency to act as nucleation sites nor to go into solution and rejected at the
interface to eventually segregate within the eutectic region as the last liquid to
solidify.

2. The other source may be attributed to the peritectic reaction. With reference to
the Al-Ti binary phase diagram and with computational thermodynamic calcu-
lation for approximately the same alloy, Fig. 6.21, the peritectic reaction shifts
and this has a contribution on AI;Ti formation.
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Fig. 6.27 (a) Backscattered electron micrographs (different magnifications) and X-ray maps of
the intermetallic particles; (b) Al, (¢) Si, (d) Ti, and (e) B maps (sample with 1300 ppm Ti and
210 ppm B)

Variation of solidification ranges of a-Al particles (AT,) and eutectic and
post eutectic reactions (AT,,,) are plotted in Fig. 6.28. By increasing the refiner,
a-Al solidification range increases by ~6 °C and addition of refiner has almost no
effect on the eutectic solidification range. This issue has a great impact on the rheo-
processing as initiation and formation of a-Al globules entirely depends on the
SSM processing in this temperature range.
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Fig. 6.28 Effect of Ti and B on the solidification range of various phases

Image Analysis

Quantitative results of image processing are shown in Fig. 6.29. With refiner
addition, the primary a-Al percentage appears to increase slightly. This is due to
the higher number of effective nuclei for the primary o-Al particles and also
shifting of liquidus temperature to higher values with eutectic temperature
remaining unchanged.

By refiner addition, the equivalent circular diameter decreases. This parameter
has a direct relation with number density (the number of primary particles per unit
area). More effective nucleation sites result in better distribution of particles in the
sample powered by limited growth leading to smaller particle size and greater
number of particles. Such increase in number density is in spite of the difficulty
in image processing and differentiating between two adjacent a-Al particles espe-
cially when they coarsen or there is less eutectic in the structure. Therefore, it is
possible to underestimate o-Al number density.

Also as a marginal but critical result, the main criterion of effective SSM
processing, fine primary phase particles, preferably less than 100 pm diameter
with globular or rosette structure [32], is easily achieved even in untreated alloy.

The percentage of particles having aspect ratio above 2 is a measure of the
globularity of the structure. The average trend of area/perimeter and aspect ratio
decreased with refiner addition, Fig. 6.29, are indications of having finer and
isolated spherical a-Al particles.

The histogram chart in Fig. 6.30a shows the percentage of a-Al particles with
sphericity >0.8 rises slightly with increasing refiner addition. Figure 6.30b com-
pares the sphericity values for the alloys with and without refining. The sphericity
values closer to 1 are indications of having more spherical particles; these values
are greater for the refined alloy.

Image analysis technique is based on the reproduction of the microstructure
digitally which may not be exactly the same as the one being studied. Therefore,
one should recognize what “image analysis” cannot do. For example, the definition
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Fig. 6.29 Image analysis
results for A356 with Ti and
B addition: (a) primary a-Al
percentage, average circular
diameter, (b) number
density of a-Al particles,
percentage of a-Al particles
having aspect ratio >2, (¢)
area/perimeter (reproduced
from [24])
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for particle diameter in the software is based on the equation (2+/area/r), where
area refers to the area of the object being measured. Such measurement makes the
assumption that the examined object has a shape close to a circle and therefore the
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more the particle is rectangular, the greater is the error in calculation. Considering
this point, it is difficult to detect the differences between the average circular
diameter of a rosette and globule a-Al particle with the same area (readers are
referred to Sect. 4.3).

6.2.1.3 Addition of Boron

Currently, the most widely used industrial refiners for Al-Si alloys are AlTiB
master alloys with their well-proven drawbacks such as fading and settling of the
so-called potential nucleant particles and lack of grain size uniformity. These
factors have negative effects on the as-cast structure and properties of the engi-
neering components.
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Table 6.4 Chemical analysis of the grain-refined samples with boron (wt. %) prior to refining

Si Mg Fe Mn Cu Ti B Sr | Al
Refined with | 6.42-6.6 | 0.36-0.39 | Max Max Max Max Nil | Nil | Bal.
Al4%B 0.07 0.003 0.001 0.0058
Refined with | 6.5-6.7 0.36-0.4 | Max Max Max Max Nil | Nil | Bal.
Al5%B 0.07 0.003 0.001 0.0057
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Fig. 6.31 The onset of solidification at the center of cups having different concentrations of boron
(AI5B master alloy addition)

In this section, it is shown that boron refiners could act better than Ti-based
refiners not only in the conventional casting but also in SSM processing. For this
study, two different master alloys were used: Al4%B where the majority of
particles are AlB;, and Al5B with AIB, particles. The base chemical compositions
are listed in Table 6.4 and depending on the master alloy additions, the final
chemical composition varied. Due to the results similarity, all the reports in this
section are related to the AI5SB master alloy addition unless otherwise mentioned.

Conventional Casting

Thermal Analysis

Figure 6.31 shows the effect of AI5B refiner addition to the alloy on the early stage
of solidification. Small addition of boron has a remarkable effect on the solidifica-
tion. For instance, the growth temperature is raised about 2 °C by adding only
159 ppm boron and beyond that it remains relatively constant. Furthermore, the
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addition of boron eliminates the dip (undercooling) and recalescence resulting in
continuous temperature reduction after nucleation. From a thermal analysis point of
view, the critical boron content for this alloy seems to be more than 159 ppm but as
will be discussed, higher values should be treated cautiously due to the agglomer-
ation and formation of insoluble boride particles.

ThermoCalc software was used as a predictive tool to examine as how the boron
addition affects the ternary Al-Si—-Mg alloy. For this purpose, aluminum-rich
sections of Al-B binary and an isopleth diagram were constructed for the addition
of boron to the Al7SilMg alloy (Fig. 6.32). In the binary phase diagram, the
eutectic reaction leads to the formation of the a-Al plus AlB,, an active nucleant
for the aluminum alloys:

Liquid — AlB; + a (Solid)

The eutectic reaction takes place at temperature just below the equilibrium
freezing temperature of pure aluminum (660 °C) and the resulted AlB, particles
could act as effective nucleants especially for Al-Si hypoeutectic alloys with
melting points well below 660 °C. In Al7Si1Mg, boron addition expanded the
mushy zone and brings about the formation of AlIB, phase. This area is more visible
in the isopleth diagram calculated for a constant value of boron, 0.02 %, Fig. 6.33.
Furthermore by formation of AlB,, the liquidus shifts to higher temperature and that
is to have earlier nucleation (liquidus is not shown in Fig. 6.33). In actual casting
condition, this thermodynamic calculation could be different due to
nonequilibrium condition such as higher cooling rate, existence of trace and
alloying elements, etc.

With addition of boron up to 329 ppm, the nucleation and growth temperatures
increase by ~7 °C and ~3 °C, respectively (Fig. 6.34a). The rising of nucleation
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temperature allows new crystals, which were not energetically stable before, to
form ahead of solidification front, rendering an equiaxed fine grained as-cast
structure. The rate (slope of the curve) at which the nucleation temperature ascend-
ing is higher than the growth temperature (same reported for AI5STilB). This is
equivalent to more nuclei generation with less capacity for growth which leads to
more equiaxed structure. However, the difference between these two temperatures
widens with more boron additions.

For boron content less than 159 ppm, an undercooling of ~2 °C exists, but
approaches and remains zero for all other additional levels. Lowering the
recalescence has a great influence on the growth of primary a-Al particles. The
minimum temperature, Tmin,,, shows the temperature where the rate of latent heat
liberation is balanced out with the heat extracted from the sample. In untreated
alloy, the existence of recalescence means the heat generated with the commence-
ment of solidification could not be transferred out of the mold completely and
therefore the heat balance leads to the appearance of recalescence. However, this is
not exactly the case for the refined alloy. In the refined alloy, as depicted in
Fig. 6.34a, nucleation temperature increases and therefore in contrast to the
untreated alloy, there are more primary nuclei within the same time interval for
the refined alloy. The same mechanism where the extra particles acting as heat sink
as explained in Sect. 6.2.1.2 is applicable here.

With addition of boron up to 329 ppm, the nucleation and growth temperatures
increase by ~7 °C and ~3 °C, respectively (Fig. 6.34a). The rising of nucleation
temperature allows new crystals, which were not energetically stable before, to
form ahead of solidification front, rendering an equiaxed fine-grained as-cast
structure. Once more, the rate at which the nucleation temperature ascending is
higher than the growth temperature. This is equivalent to more nuclei generation
with less capacity for growth which leads to more equiaxed structure. However, the
difference between these two temperatures widens with more boron additions.

In commercial applications, Al-B master alloys are used to eliminate trace
amounts of transition elements such as chromium, titanium, vanadium, iron, and
zirconium from pure aluminum since these elements drastically lower the electrical
conductivity. For example, only 0.014 % of vanadium lowers the electrical con-
ductivity by 1%IACS (International Annealed Copper Standard) (e.g., [33]). Boron
reacts with these transition elements to form boron compounds which settle at the
bottom of the holding furnace. It was shown that AlB, particles react slightly faster
with transition elements and also form smaller diboride particles than AlB,. The
lower boron content per unit volume of the AlB, particles in addition to its smaller
size contributes to lower settling rate for transition element borides [34].

From thermodynamic standpoint, in reaction competition between different
elements, priority depends on the heat of formation values (absolute) and com-
pounds with higher values have greater chance to form. Table 6.5 shows some
examples on particle stability. The most important borides for refining purpose are
TiB,/AlB, particles. Among different borides, it is shown that TiB, has the highest
heat of formation value and therefore TiB, is the most stable boride. In the case of
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Fig. 6.35 The effect of B addition on the trace amounts of Ti, Cr, V, and Zr

sole boron addition, it should be considered that any residual Ti leads to TiB,
formation and therefore the quantity of boron to react with aluminum decreased.

According to the above information and in order for Al-B master alloys to be
effective, it is critically important to ensure that the molten alloy is free from
titanium. This is due to the high affinity of Ti to form TiB, and thus diminishing
the effectiveness of AIB, particles as the preferred nucleation sites for a-Al phase.
Figure 6.35 shows that with addition of B, the trace Ti in the alloy reacts with B and
consequently reduces the refiner efficacy.

Structural Analysis

Figure 6.36 shows the microstructural evolution due to addition of boron-based
refiner. The microstructure in the refined sample is quite different from that of the
non-refined with much smaller sizes for the primary a-Al particles, Fig. 6.36¢, d.
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a b

Fig. 6.36 Polarized micrographs showing the effect of B addition: (a) without addition, (b)
82 ppm, (¢) 159 ppm, and (d) 225 ppm

The B-treated alloy comprises more rosette particles. B refiner encourages the
formation of more nuclei in the system, something close to what is termed “copious
nucleation” due to a large population of active B-based nucleants introduced into
the bulk liquid. Such large number of active nucleants not only restricts the growth
of primary a-Al nuclei, but also acts as heat sink to impose a localized multi-
directional heat flow within the melt. The outcome would be the formation of small
equiaxed primary o-Al particles. Therefore, in the boron-treated alloy, the typical
morphology is between rosette and globules.

Identification of nucleants in the as-cast structure is time consuming and tedious
which is associated with the detection probability on the polished surface and
whether the polished surface intersects the nucleant or not. By boron addition,
most of the nucleants in the material expected to be AlB, particles. However, the
composition of the nucleant depends on the titanium level in the melt. Even with Ti
concentration at the ppm levels in the melt, due to the high affinity of B with Ti
according to the data presented in Table 6.5, it is expected to have a wide range of
nucleant compositions. Figure 6.37 shows a nucleant which has been characterized
by backscattered electron micrographs and X-ray maps of the particle. The nucleant
is a two-phase compound where a Ti-B particle is encompassed by aluminum
boride.
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Fig. 6.37 Backscattered electron micrographs of a nucleant in the sample with 720 ppm B, and
X-ray maps of: (a) Ti, and (b) B [25]

Based on such observation and the formation of multiphase nucleants in the
system, it is believed that by boron addition, the boron atoms (whether dissolved in
the alloy or as AIB, or AlB, particles) react with residual titanium atoms in the
melt to form stable TiB, particles or to partially transform to complex AlTiB-based
particles, respectively. The resulted TiB, is then expected to act as nucleation site
for aluminum diboride. The AlB; is then expected to encapsulate TiB, particle. For
the complex particles, according to Karantzalis et al. [36], the lattice disregistry
between Al and TiB, or AlB, is similar and at 660 °C is 4.53 %. On cooling, a-Al
primary particles could easily nucleate on these preexisting particles. In addition,
there are still many unreacted AlB, particles which would operate as potential
nucleants. Figure 6.38 shows the schematic sequence of the aforementioned
hypothesis. For AlB, particles, it is envisaged that such reaction with residual Ti
in the alloy should imbalance the stoichiometry of AlB;, and improves its suitabil-
ity for acting as potential nucleant for a-Al.

The presence of agglomerated intermetallic particles is the main shortcoming of
higher boron level. As the boron concentration increases, not all the boride particles
could act as nucleation sites for aluminum. Furthermore, the limited solubility of
these particles in a-Al may lead to the formation of agglomerates within the matrix.



6.2 Melt Treatment in the Semi-Solid Casting, SEED Technology 233

Before reaction After reaction
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Fig. 6.38 Schematic sequence of the primary a-Al particles formation, either from reaction of Ti
and B (path 1) or directly from AlB, (path 2) [25]
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Fig. 6.39 The interrelationships between grain size, Tnyc,,» and T, in case of Al5B master alloy
addition

Figure 6.39 shows the relation between thermal analysis data, grain size, and
B-concentration. The grain size is slightly reduced by addition of 82 ppm boron and
after that, there is a sharp change in grain size around 159 ppm B where the grain
size reaches to about 300 pm. The ~3—4 fold decrease in grain size is a marked
indication of boron potency.
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Fig. 6.40 Variation of grain size (% B-refiner) with primary o-Al nucleation temperature
and recalescence time

There is a strong interrelationship between the nucleation temperature of the
primary a-Al and the grain size. The graph indicates that the nucleation temperature
rises up gradually to ~623 °C and the grain size reduced to ~300 pm and remained
constant with further addition. The inverse trend for nucleation and growth tem-
peratures with the grain size suggests an increase in nucleation temperature is
equivalent to having greater number of nuclei which means lesser growth per
nucleus even though the magnitude of growth has increased as the rise in growth
temperature may suggest. It further emphasizes the direct interrelationship between
the grain size and thermal history of the alloy during solidification. Comparing the
results of boron addition, Fig. 6.39, with AlI5TilB, Fig. 6.24, it is clear that boron
addition not only increased the nucleation temperature, but its effect on the reduc-
tion of grain size is more pronounced. In addition, the standard deviation of grain
size in the case of boron is much smaller which is an indication of refiner stability.

The correlation between grain size, nucleation temperature of o-Al, and
recalescence time (fg..) are shown in Fig. 6.40. By sole boron addition, fg.. value
approaches zero after 159 ppm addition (grain size of about 300 um). The absence
of prolonged growth time at the beginning of solidification coupled with large
number of nucleants are the precursors for equiaxed morphology to be the predom-
inant grain form.

Semi-Solid Processing

Structural Analysis

The optical micrographs in Fig. 6.41 show the effect of boron on the primary o-Al
phase. With increasing the percentage of boron, the structure is not only refined but
also the degree of globularity of a-Al particles has increased.
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Fig. 6.41 Optical micrographs to show the effects of B-refiner addition in the SEED process: (a)
without addition, (b) 82 ppm, (¢) 159 ppm, (d) 225 ppm

Thermal analysis confirmed that by boron addition, nucleation temperature
of o-Al particles increases significantly. By increasing the nucleation
temperature, the solidification temperature range of the alloy system also increases.
Figure 6.42 demonstrates the variations of the two distinct solidification range of
primary a-Al (AT,) and eutectic (AT,,,) for the A356 alloy with boron. By boron
addition, AT, increases by nearly 8 °C with 200 ppm boron and remains almost
constant with higher B addition. However, such conclusion is not fully supported by
ThermCalc prediction shown in Figs. 6.32 and 6.33 simply because the refiner has
aluminum and AIB, particles already while ThermoCalc considers pure boron and
aluminum and then their interaction based on the temperature changes. Since
refiner particles are stable and have almost no solubility at the casting temperature,
therefore they only act as nucleant without interfering on the thermodynamic of the
mixing of Al-Si-B as is the basis of the ThermoCalc prediction.

The drawback of boron addition is the formation and agglomeration of boron-
based intermetallics with increasing boron content beyond 300 ppm as shown in
Figs. 6.43 and 6.44. Microprobe analysis confirmed these particles are AlB,. In the
case of master alloy containing AlB, particles (Al4B, waffle form), it is under-
standable to find agglomerated AlB, particles and these agglomerations are evi-
dent beyond 230 ppm (Fig. 6.43b).
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Fig. 6.42 Variation of the primary a-Al and eutectic solidification ranges by boron addition

Fig. 6.43 Optical micrographs showing the agglomeration of boride particles; (a) addition
through AISB master alloy, sample with 329 ppm B, (b) through Al4B master alloy, sample
with 803 ppm B

ThermoCalc calculation indicates that in A17Si1Mg, boron solubility limits are
0.027 % and 0.014 % at 700 °C and 650 °C, respectively, and at eutectic reaction,
this value further decreases to less than 0.0018 % (Fig. 6.32).

As stated previously, one of the key parameter for a refiner agent is its disregistry
with the matrix and the smaller the disregistry, the better is the refinement.
According to the Appendix B, the measured disregistry between AlB;, and the
a-Al matrix is 151 % and therefore it is unlikely for AIB;, particles to act as an
effective nucleant in the system. So, the question may arise as why and how the
improved refinement efficiency of this master alloy around 200 ppm B could have
resulted. It is believed that the refinement efficiency initiates from the following
sources;

e The presence of AlB, particles within the master alloy
¢ Dissolved boron in the alloy
¢ Transformation of AlB;, to AlB,
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Fig. 6.44 (a) Backscattered electron micrographs showing the agglomeration of boride particles
and X-ray maps for: (b) Si, (¢) Ti, and (d) B map (sample with 329 ppm B)

By examining the master alloy structure more closely, it is clear that there are
AlB, particles in the matrix hidden among the AIB;, agglomerates as shown in
Fig. 6.45a where another master alloy with mainly AlB, particles is shown to
highlight this point (Al5B rod form, Fig. 6.45b). It is believed that these particles
and smaller ones which could not be resolved by optical microscopy play funda-
mental role on improving the refining efficiency of the master alloy (the ultimate
purpose of this master alloy is to eliminate transitional elements from the pure
aluminum alloy [33]).

Figure 6.46 shows the solubility limit of B in the melt at different temperatures.
At 700 °C, there is about 0.05 % boron in the solution and this amount is quite
enough to react with aluminum and form indigenous nucleants. Further, as shown in
Fig. 6.18, the majority of the boride particles in this master alloy (Al4B, waffle
form) are AIB;,. ThemoCalc calculation shows that AIB, partially transforms to
AIB, at 1289 °C and moreover is only stable at B concentrations in excess of
~3 % (not shown in the graph). Therefore, it can be concluded that it is almost
unlikely that AlB, could transform to AlB, within processing window (note that
every predictive software calculates the changes based on their logic and database
and therefore the result may not be identical).



Fig. 6.45 AIB, particles in different master alloys: (a) Al4B, waffle form (arrows show the AlB,
particles), (b) AlSB, rod form [25]

Fig. 6.46 Thermocalc 2016.03.18.16.05.22
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Fig. 6.47 (a) Backscattered electron micrographs of a nucleant in the sample with 803 ppm B
(through Al4B master alloy), and the respective X-ray maps of: (b) Ti, (¢) B [37]

In addition, there is another possibility for this master alloy to be an efficient
refiner and that is the dissolved Ti in the alloy and its high affinity for B to partially
transform the AlB;,/AlB, particles to complex compound of AIBTi, suitable for
acting as nucleation site for the primary a-Al.

As stated earlier, identification of nucleants in the as-cast billets is challenging
as the detection probability depends on the polished surface and whether it
intersects the nucleant or not. Figure 6.47 shows a nucleant which has been
characterized by the backscattered electron micrograph and X-ray maps of the
particle. Due to the size of this particle, quantitative microprobe analysis was
impossible; however, X-ray maps of the nucleant confirm its AlB stoichiometry
and knowing the inability of AlB;, to act as a nucleant, it is true to conclude this
particle being AlB,.

Image Analysis

In order to fully characterize the microstructure of semi-solid slugs, it is necessary
to quantify the percentage, size, and morphology of primary particles. For this
purpose, image analysis was employed and Figs. 6.48 and 6.49 illustrate the results.
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Increasing of primary a-Al percentage is noticeable since not only numerous
nucleation sites are introduced to the system but also liquidus line is shifted to
higher temperatures. In contrast to Al5TilB addition, boron proved to be more
efficient and this potential is visible through more globule size reduction and sharp
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increase in the number of a-Al particles per unit area, number density. The
reduction of A/P and percentage of a-Al particles having aspect ratio >2 do also
confirm the formation of smaller and rounder primary particles.

Figure 6.49a shows the percentage of the particles with sphericity greater than
0.8. The greater the sphericity number, the more globular particles are in the
structure. Figure 6.49b compares statistical significance of sphericity. With refin-
ing, data is more concentrated on larger values of sphericity, i.e., near 1. As it will
be shown in rheological experiments, this image analysis parameter is a clear
indication of the flowability of slurries.

For better understanding of refiner capabilities, a comparison is made by elec-
tron backscatter diffraction (EBSD) mapping between the unrefined and refined
alloys by AITiB and Al4B master alloys (Fig. 6.50). As evident, the untreated slurry
is a mixture of dendrites and globules created during SSM processing. By addition
of TiB, particles (through AlTiB master alloy), the number of individual globules
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Fig. 6.50 EBSD maps of the untreated and treated alloys, black lines denote high angle grain
boundaries with misorientations greater than 10°; (a) without addition, (b) 1300 ppm Ti,
210 ppm B, (¢) 226 ppm B

per unit area is increased. Improved distribution of globules and the reduction in
globule size is achieved by boron addition. However, some technical points should
be considered; for example, grain refined billet is more sensitive to movement (due
to lower viscosity) which makes it more difficult to handle from the billet prepa-
ration unit to die casting machine. As an additional remark, agglomeration of
primary a-Al dendrites facilitates billet handling during the casting process.

6.2.1.4 Alloy Chemistry and Grain Refining: Effect of Titanium
in Solution

The chemistry of molten alloy plays an important role on grain refining. Small
addition of alloying elements reduces the grain size of the as-solidified structures to
some degree depending on the alloy efficiency. The fact that solute elements in
aluminum alloys have beneficial effects in reducing the grain size and improving
mechanical properties of as-cast products goes back to Kissling and Wallace’s work
in 1963 [23]. It is generally believed that small addition of alloying elements
interferes with grain growth during solidification by providing conditions to initiate
greater number of nuclei to form and to promote the formation of finer grains. The
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solutes form an enriched boundary layer ahead of solidification front in which the
actual temperature is lower than that of solidification temperature, constitutional
undercooling [38]. The constitutional undercooling as given in (6.1) may be
interpreted in terms of “Growth Restriction Factor,” GRF. That is when the
solidification is controlled by solutal not thermal diffusion and the degree of
partitioning (C; - C:) may be approximated to Co(1 — k) when the solutal
undercooling, ATy, is small, i.e., ATy < (T,, — T;) where T,, is the melting tem-
perature of pure aluminum and 7, the liquidus temperature for the alloy of Cy
composition [39]. The presence of solute leads to growth restriction as defined by
GRF [40, 41] in (6.2). The constitutional undercooling is therefore expressed in
terms of growth restriction factor in (6.3).

9 - _m1C0(1 — k)

1
R Dk (6.1)
GRF = m;Co(k — 1) (62)
G; GRF

where: G;=Temperature gradient in the liquid (K/m), R = Growth rate (m/s),
Co=1Initial alloy concentration (wt%), m;=Liquidus slope (d7,/dC) (K/wt%),
k= Distribution or partition coefficient, C; and C§ = Equilibrium solute concen-
trations of the liquid and solid at the interface (wt%), and D, = Diffusion coefficient
in the liquid (m%/s).

It is therefore concluded that the greater the degree of constitutional
undercooling, the more effective the solute would be in restricting the grain growth
as GRF is inversely proportional to the growth rate. It was suggested that the growth
restriction factor in an alloy should be the sum of GRFs for each alloying element
(assuming that there is no interaction between the solutes) [1, 42]:

GRFyoa = » _my i (Co,i — C¥y,4) (6.4)

Table 6.6 shows the values of the parameters needed for the calculation of
GRF numbers, (6.2), for the five important elements usually added to Al alloys.

Table 6.6 Data required for calculating the growth restriction factor, GRF [1, 41-43]

Element k m; my (k—1) Max Cqy (Wt%) System
Ti* 7.8,9 33.3,30.7 220, 245.6 0.15 Peritectic
Si 0.11 —6.6 5.9 12.6 Eutectic
Mg 0.51 —6.2 3.0 34.0 Eutectic
Fe 0.02 -3 2.9 1.8 Eutectic
Mn 0.94 —1.6 0.1 1.9 Eutectic

“Depends on the reference
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Table 6.7 Chemical analysis of the melts (wt %)

Si Mg Fe Mn Cu Ti B |Al
356 without |6.5-7.1 |0.35-0.4 |0.07-0.08 |0.002-0.012 |0.001 | Max Nil |Bal.
Ti 0.0058
356 with Ti 0.1-0.13

The largest GRF value belongs to Ti having the highest growth restriction effect on
aluminum. However, for Al alloys where Si concentration is appreciable, such as
hypoeutectic Al-Si foundry alloys, the high Si content gives an overall higher GRF
number. For instance, Al alloy with 7%Si and 0.1%Ti has GRF values of 41.3 and
~22 for Si and Ti, respectively.

Effect of Titanium in Solution

The effect of Ti as refiner was studied previously but as dissolved alloying element
is revisited in this section and it will be shown that it could restrict the grains and
globules size both in conventional and semi-solid casting. The chemical composi-
tions of the alloys tested to highlight the effect of minor Ti addition as a routine
practice in foundry and casting industry are listed in Table 6.7.

Conventional Casting

Thermal Analysis

Figure 6.51 illustrates the effect of dissolved Ti on the early stages of solidification
for two different Ti concentrations in 356 alloys. The solidification events, nucle-
ation and growth of the primary particles, have been shifted to higher temperature
with increasing titanium addition. This is also predictable by thermodynamic
calculations, Fig. 6.21b, to confirm that the liquidus temperature slightly increases
with Ti addition.

Figure 6.52 shows nucleation temperature (Tp,,,) and recalescence value of the
primary a-Al particles. The concept of increasing the liquidus temperature due to Ti
addition is apparent where T, is increased by 2-3 °C to about 617 °C. The
predicted rise as shown by ThermoCalc calculation is lower, Fig. 6.21. It has to be
emphasized that such discrepancies between the predicted and experimental results
are mainly attributed to ThermoCalc calculation being under equilibrium condition
while the current study is under nonequilibrium condition including higher cooling
rate and the presence of other alloying or trace elements.

Commercial 356 alloy has lower recalescence value which means there is less
growth of the nuclei with smaller recalescence. Bearing in mind that this is a
localized region near the tip of thermocouple and with extending this logic across
the bulk liquid, it is true to assume growth restriction is effective and the formation
of a refined structure should be expected.
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Fig. 6.51 Initial segment of typical cooling curves for a selection of samples (central thermo-
couple) of 356 alloys with different Ti levels [44]
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Fig. 6.52 The effect of dissolved Ti on the nucleation temperature and recalescence value (ATRe.)
of the primary a-Al particles [44]

Structural Analysis

The polarized light images in Fig. 6.53 show the microstructural differences in
conventional casting between the 0.0058 % and 0.13 % Ti-containing alloys. The
alloy with 0.13 % Ti has finer dendritic structure, and the grain size appears to have
been reduced considerably. It may be argued that such refinement is due to more
effective nucleation, not the growth restriction capability of Ti. In order to clarify
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800 um

Fig. 6.53 Effect of Ti in solution on the microstructure: (a) with 0.0058%Ti, (b) 0.13%Ti

this issue, it is helpful to define the two concepts of “grain refining” and “grain
growth restriction.” The former is dependent primarily on the presence and then the
size, population, and morphology of nucleants, i.e., independent Ti-based com-
pounds, while the latter is about the dissolved Ti in the a-Al matrix and its diffusion
across solid-liquid interface. It is believed at this level of Ti concentration, it is
rather unlikely and remote to have independent Ti-based particles, since as shown
in Fig. 6.21, the formation of Ti-based compounds, the potential nucleants, only
begins at Ti% >0.11 or > 0.17 depending on the chemistry. Therefore, the
concerning issue should be the diffusion of Ti at the solidification interface and
its rate controlling role on the primary a-Al growth. The growth restriction concept
is thus more acceptable than the formation of Ti-based nucleants to render more
effective nucleation, especially at the early stages of solidification. However, it may
be true to assume that such diffusion of Ti may eventually lead, in a localized
volume, to the formation of Ti-based nucleants, but this is a far-distant time event
and surely not at the beginning of solidification, i.e., the diffusion of Ti is a
prerequisite for such mechanism.

Figure 6.54 shows the effect of Ti on the grain size of 356 alloys. For the alloy
with 0.0058%Ti in solution, the average grain size is about 1100 pm and reduces to
around 850 pm when Ti concentration is increased to 0.13 %, a grain size reduction
of almost 22 %. Furthermore, the value of standard deviation is much greater for the
alloy with lower Ti content which is a clear indication of wider distribution of grain
size in this alloy. For higher Ti content, the smaller value of standard deviation
suggests a more uniform grain size, and consequently the properties are expected to
be much more uniform.

It is further clear from Fig. 6.54 that the grain size and nucleation temperature of
the primary a-Al particles vary inversely with increasing Ti in solution; the average
a-Al grain size decreased with increasing nucleation temperature. The rise in
nucleation temperature simply extends the nucleation period and generates more
nuclei.
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Fig. 6.55 Optical micrographs in the SEED process: (a) 0.0058%Ti, (b) 0.13%Ti [44]

Semi-Solid Pro

cessing

Structural Analysis

The optical micrographs in Fig. 6.55 show the typical microstructure of the billets.
The primary o-Al particles are almost fully globular irrespective of the Ti content.
Although the microstructure of the alloy containing 0.13 % Ti appears to have been
slightly refined, the effect of dissolved Ti on the microstructure is better realized if
it is characterized quantitatively. Therefore, both quantitative metallography and
rheological tests were carried out on different Ti-containing alloys to highlight the
effect of Ti on grain growth restriction.
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Fig. 6.56 Schematic of constitutional undercooling in different solute buildup [44]

The concept of structural refining with Ti in solution may be explained with
reference to constitutional undercooling where the growing primary a-Al dendrites
reject Ti into the solid—liquid interface as they grow. The rejected Ti atoms build up
ahead of the solidification interface and form a Ti-enriched boundary layer. This is
graphically illustrated in Fig. 6.56 where the concentration of Ti at the boundary
layer varies for different Ti concentrations due to differences in the diffusion fluxes
for different Ti contents. The value of diffusion flux (J),J = —DA %, is greater for

0.13%Ti1 than that of 0.0058, since % is greater for 0.13%Ti. Therefore, the degree
of constitutional undercooling is much greater for 0.13 % Ti than that of 0.0058 %
Ti. Equally, the boundary layer thickness is greater for higher Ti content alloy as
schematically illustrated in Fig. 6.56. As pointed out by Kurz and Fisher [45], the
equivalent boundary layer thickness, (6.), is inversely proportional to growth rate,
(R), for an alloy solidified at different growth rates:

I

bc="5 (6.5)
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where D is the diffusion coefficient for dissolved titanium. Since higher growth
rates are equivalent to lesser diffusion and rejection of solute element into the
boundary layer, i.e., lower % it may be acceptable to consider higher concentration
of solute element within the boundary layer is equivalent to that of lower growth
velocity or greater thickness of this layer.

Furthermore, as the concentration of Ti increases at the interface during later
stages of solidification, it may reach the level where new nucleants of Al;Ti could
form within the interface layer. The presence of such particles encourages the
formation of new a-Al nuclei within the interface. The newly formed a-Al particles
are expected to reject Ti into the newly formed interfaces as they grow. The
repetition of such mechanism ensures the formation of finer and more equiaxed
and spherical particles as observed in 0.13%Ti added 356 alloy.

The results of quantitative metallography are presented in Fig. 6.57. The mean
globule size “equivalent circular diameter” appears to have decreased with increas-
ing Ti content. The rise in the number of a-Al particles per unit area (mm?), number
density, coupled with the reduction of area to perimeter ratio, A/P, indicate micro-
structural refinement leading to the formation of more isolated and finer particles in
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Fig. 6.57 Selected image analysis results: (a) circular diameter and number density of a-Al
particles, (b) area/perimeter and percentage of particles having aspect ratio >2, (c) the percentage
of particles having sphericity >0.8 [44]
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Fig. 6.58 Strain—time graphs for different Ti in solution [44]

the Ti-content billets. With the addition of growth restricting elements such as Ti,
dendrite growth tends to slow down in direction opposite to heat flow approaching
those of the lateral growth. The overall growth therefore tends to be more radial and
the resulting structure should be more globular. The formation of spheroidal
particles is critical on the rheological behavior of the slurries as discussed later in
this chapter. This is clearly shown by the reduction in the percentage of the primary
a-Al particles with aspect ratio greater than 2. The formation of more spherical
particles is further supported by the rise in the percentage of particles with sphe-
ricity number greater than 0.8 with increasing Ti content (Fig. 6.57c).

Strain-Time Graphs

The changes in the billets deformability due to the primary a-Al particles size and
distribution are clearly detectable on the graphs in Fig. 6.58. The alloy with almost
no Ti shows the lower strain values while the commercial 356 billet deforms at
much higher range due to smaller globule size as already discussed. As shown in
Sect. 4.2, the billets with more globular and finer microstructure yield greater
engineering strain, better flow. In other words, the superior flow of the alloy with
higher Ti content is due to its structure having more globular and finer grains which
enables it to flow better. Furthermore, the parameters from Fig. 6.57, especially
average circular diameter and number density of a-Al particles, clearly support the
conclusion that the billet with higher dissolved Ti has more globules with smaller
size.
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6.2.2 Modification

Silicon is one of the most significant alloying elements incorporated in Al alloys. Its
addition is to improve castability, fluidity, reduce shrinkage, and to render superior
mechanical properties. The morphology of silicon however plays an important role
on the mechanical properties of finished products. Therefore, the common practice
is to modify the as-cast flake or acicular silicon morphology employing special heat
treatment or addition of certain modifiers. As a result, the silicon morphology
changes to fibrous form with enhanced mechanical properties of the as-cast parts.

For conventional casting, Si modification has been investigated widely by many
researchers but in the SSM processing, few published data could be found as stated
earlier in this chapter (e.g., [20-22]). The purpose of this contribution is to report
the effects of Sr addition as a modifier to A356 Al-Si alloy for both conventional
and SSM casting methods.

6.2.2.1 Master Alloys
Al10%Sr

The optical and backscattered electron micrographs together with the associated
X-ray maps show the microstructure of the commercially produced master alloy
(Fig. 6.59). The structure of Al10Sr master alloy consists of blocky Sr-rich parti-
cles, distributed within Al matrix. The average particle size is about 16 + 8 pm and
microprobe analysis results suggest the Al,Sr stoichiometry.

6.2.2.2 Modification in Al7%Si and A356 Alloy

The modification treatment of A356 and Al7Si alloys was carried out by addition of
Al10Sr rod master alloy. The base chemical compositions are listed in Table 6.8.

Conventional Casting

Thermal Analysis

Figure 6.60 shows typical cooling curves and first derivatives for Al7Si and A356
alloys. Although both alloys solidify over solidification range but there are differ-
ences if examined closely. For Al7Si alloys, solidification basically consists of two
major reactions: formation of primary a-Al dendrites and subsequent formation of
eutectic phases (first and second peaks in the first derivative, respectively).

The addition of Mg and other alloying elements, intentionally or as trace
elements, has resulted in pre- or post-eutectic reactions and changed the critical
points or temperatures as shown in Fig. 6.60. For example by Mg addition to the
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1 Bk ¢
Al x-ray map Sr x-ray map

Fig. 6.59 Typical optical image and backscattered electron micrographs with X-ray maps of
Al10Sr master alloy, cross section. rod form [46]

Table 6.8 Chemical analysis of the base alloys (wt. %)

Si Mg Fe Mn Cu |Ti B |P Sr | Al

Al7Si |7.0-7.3 Nil Max Nil Nil |Nil Nil | Max Nil |Bal.
0.09 0.0003

A356 |6.62-6.81 |0.36-0.4 | Max Max Nil | Max Nil | Max Nil |Bal.
0.08 0.003 0.0058 0.0003

alloy, the main eutectic reaction shifted to a lower temperature and formed over a
longer period. Normally, the solidification termination of pure binary Al-Si alloys
is sharp and distinctive while this was not the case for Al7Si alloys used in this
study. This is mainly due to the trace elements such as Fe which was part of the
alloy used in this study, confirmed by optical emission spectroscopy (OES) to
contain 0.03-0.09%Fe. As reported by Backerud et al. [27], alloys containing
trace amount of iron have smooth solidification termination.

By magnesium addition, eutectic compounds do not form at a constant temper-
ature. This concept is well depicted by performing thermodynamic calculation
using FactSage software [48]. An isopleth diagram, pseudo-binary phase diagram,
was constructed for Si addition as shown in Fig. 6.61. By addition of Mg to the
hypoeutectic Al-Si alloys, not only solidification terminated at lower temperature,
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Fig. 6.61 FactSage calculation of phase diagram for: (a) Al7Si and (b) isopleth of Al7SilMg [47]
(reprinted by permission of Taylor & Francis Ltd)

but also the eutectic reaction is no longer isothermal, as seen for high purity Al-Si
alloys, and forms over a temperature range.

Figure 6.62 shows the eutectic segment of the cooling curves. For both alloys,
the addition of small percentage of strontium (about 50 ppm) has depressed the
eutectic plateau by 3—-6 °C. After the initial sharp drop in the eutectic temperature, it
shifts up slightly by further Sr addition.

Figure 6.63 illustrates the changes in the cooling curve parameters due to the Sr
addition. The eutectic nucleation temperature, Ty, decreased to its minimum
value at about 50—100 ppm Sr and increased slightly before becoming constant at Sr
concentrations of about 300 ppm and more. A similar trend is observed for the
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of graphite cups with the addition of Sr, (a) Al7Si, (b) A356 [46]

eutectic maximum temperature of both alloys, Tax,, - Addition of Sr depresses the
eutectic temperature parameters, Tmax,, and Tpy,. Basically, the higher the
difference of Tax,, OF Tnuc,, before and after Sr addition, the stronger is the silicon
modification. Therefore, the optimum addition seems to be around 50-100 ppm.
Eutectic recalescence (Fig. 6.63c) also increased to its maximum value at about
50-100 ppm Sr and decreased slightly with further addition. Reaching the maxi-
mum value is indication of greater barrier for the eutectic nucleation due to the
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Fig. 6.63 Effect of Sr addition on various thermal analysis parameters

Sr addition. The reduction in eutectic temperature and the fact that the alloy
liquidus remained unchanged have caused the primary a-Al solidification range
to increase. It is therefore anticipated to have an increase in the percentage of
primary a-Al phase as will be discussed later.
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In addition to strontium, alloying and trace elements may also have an effect on
the eutectic temperature. An example is magnesium which intentionally added to
industrial alloys. By comparing nucleation and maximum temperatures of eutectic
in Al7%Si and Al7Si0.35 Mg (Fig. 6.63), it is shown that both Ty, and Tmax,,
decreased by Mg addition. In another way, the maximum depression values were
increased by addition of 0.35%Mg to the alloy. According to the Joenoes and
Gruzleski [49], in a modified Al-Si alloy, depression of the eutectic temperature
is more with increasing the Mg content (Fig. 6.64).

Eutectic nucleation temperature (Fig. 6.63a) has a direct effect on the number of
potential nuclei found in the melt. In other words, there are fewer barriers for
nucleation with increasing nucleation temperature and thus greater number of
isolated eutectic Si particles may form, i.e., this is the case for flake morphology.
The highest value for eutectic nucleation temperature before modification may be
attributed to the trace phosphorus and iron contents in the alloy used in this study.
As confirmed [50, 51], AIP particles and iron compounds are favorite nucleation
sites for silicon. It was reported that both liquidus and eutectic temperatures
increase with addition of phosphorus to the Al-Si eutectic alloy [52]. With modi-
fier, such potential nucleation sites are deactivated by fewer nucleation sites and
consequently nucleation barrier increases and as a result the nucleation temperature
decreases. The variation of eutectic recalescence (A©), Fig. 6.63c, shows that small
Sr addition (47 ppm) resulting in an increase of A© up to ~2—4 °C. This is a
nucleation barrier equivalent to having a reduction in the number of active nucle-
ation sites which forces Si to branch out to form a three-dimensional interconnected
morphology, fibrous, to keep up with the growing aluminum phase.

Furthermore, from growth point of view, Sr was reported to poison the re-entrant
edge growth steps in silicon crystals [53, 54], thus deactivating the “TPRE” (Twin
Plane Re-entrant Edge) growth. Consequently, due to interruption in the effective
growth mechanism for Si, high degree of A© is needed to drive an alternative
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growth mechanism for the development of the fibrous silicon structure which is
“Impurity Induced Twinning—IIT” mechanism [53].

In conclusion, Sr addition affects both nucleation and growth behavior of
eutectic Si to transform silicon morphology from flake to fibrous. Furthermore,
the overall results of thermal analysis for this study are in line with the previous
reports [55-57].

Structural Analysis

The morphology of the primary a-Al phase appears to be somewhat different to
that of nonmodified alloy as presented in Fig. 6.65. If the micrographs are exam-
ined closely, the eutectic regions within the modified alloy appear to have boxed-in
the primary a-Al phase, while this is not the case for nonmodified structure. In
other words, eutectic regions within modified alloy are continuous and
interconnected while there are isolated individual patches of eutectic regions for
the nonmodified alloy. Such distinct difference may be attributed to the fibrous
morphology of Si and the fact that each individual Si nucleus grows through
branching and expanding three-dimensionally rather than as an isolated flake for
nonmodified alloy.

The concept of “boxing-in” of the primary a-Al particles by the eutectic mixture
in the modified alloy is well illustrated in Fig. 6.66 along with the changes related to
the silicon morphology. In the nonmodified samples, silicon plates up to 120 pm
long exist in the Al matrix with the boundaries of primary a-Al dendrites being not
clear. It may be true to say that in nonmodified alloy, the remaining liquid does not
solidify as a duplex mixture of Al and Si, but there is an overshoot of primary a-Al
dendrites, due to difficulty of nucleation of Si, to take with them the Al content of
eutectic mixture. Employing electron backscattered diffraction (EBSD), Nogita and
Dahle [58] reported that in non-modified alloys there is not any difference in the

Fig. 6.65 Optical micrographs showing the structural changes in the primary a-Al particles due to
Sr addition, A356; (a) without Sr, and (b) 241 ppm Sr [46]
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Fig. 6.66 Optical micrographs showing the effect of Sr addition on the eutectic morphology in the
conventional process, A356; (a) without Sr, (b) 47 ppm Sr, (¢) 156 ppm Sr, and (d) 392 ppm Sr
(arrow showing Sr-based intermetallic compound)

crystallographic orientation between the primary a-Al phase and the eutectic
aluminum at the vicinity of the eutectic pools.

With modification however, the eutectic melt solidifies as a duplex mixture due
to the changes in the silicon morphology. Addition of ~50 ppm Sr is sufficient to
transform the flake Si to fibrous morphology and with further addition of Sr, the
structure becomes fully modified and eventually overmodified. Overmodification
can easily be detected by the coarsening of silicon particles and increasing their
interparticle spacing and the segregation of Sr-based compounds (Fig. 6.66d).
Electron probe microanalysis (EPMA) has confirmed Al,Si,Sr stoichiometry for
the segregated Sr-based compounds.

In order to further characterize the morphological changes of the eutectic Si due
to Sr modification, deep etched graphite mold samples were examined by SEM
(Fig. 6.67). The flake silicon particles of the non-modified alloy are quite coarse
even at such low magnification, Fig. 6.67a. With Sr modification, silicon morphol-
ogy changes to fibrous with seaweed appearance, Fig. 6.67b.
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Fig. 6.67 SEM secondary electron (SE) micrographs of the deep etched (10%HF) graphite mold
samples; (a) without Sr [46], (b) 156 ppm Sr

Image Analysis

The effect of Sr modification on the microstructure of A356 alloy is quantitatively
presented in Fig. 6.68. No data is provided for the primary a-Al percentage in the
non-modified samples, Fig. 6.68a, which is due to the difficulties for the image
analysis system to differentiate between the primary and eutectic a-Al phases, i.e.,
it was impossible to measure the primary phase alone.

The percentage of the primary a-Al as well as eutectic silicon increases slightly
with Sr addition, Fig. 6.68a, and b. This is attributed to the Sr effect on the Al-Si
phase diagram. As mentioned in the thermal analysis section, the addition of
modifier to the Al-Si alloys shifts the eutectic point to the higher silicon contents
and lower temperatures to expand the mushy zone. The question may arise as how
greater amounts of both the primary a-Al and eutectic silicon could form with Sr
modification. If a simple lever rule calculation is carried out, it would confirm such
conclusion when eutectic point is depressed down and to the right with Sr addition.

The trends observed for the eutectic silicon number density, number of silicon
particles per unit area—Fig. 6.68c, its average circular diameter, and area-to-
perimeter ratio, Fig. 6.68d, confirm refining and reducing the size of eutectic
silicon. This is further supported by the percentage of silicon particles having
aspect ratios greater than 2, Fig. 6.68c, where its percentage decreases with Sr
addition up to 100 ppm and as for the other parameters remains almost constant
with more Sr. The quantitative data supports microstructural observations where
flake silicon transforms to fibrous morphology with Sr (as noted earlier, the
calculation of circular diameter in the software is based on the area not the shape
of the silicon particles and this results in inaccurate measurement. However, error
bars of data become smaller when the structure is modified which is an indication of
more circular morphology in 2D).
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Semi-Solid Processing

Structural Analysis

The optical micrographs in Figs. 6.69 and 6.70 show the effect of Sr addition on the
morphology of the primary a-Al particles. The Sr-treated structure appears to have
more globular characteristics with isolated primary a-Al particles dispersed in a
refined eutectic matrix. The Si morphology, Fig. 6.70, however is fully fibrous as
expected with modification treatment but denser and finer than those of the mod-
ified conventionally air-cooled casting of Fig. 6.66. This is, mainly due to the higher
cooling rate of the quenched billets, and to lesser degree to the SSM process itself.
Stirring not only leads to the formation of globule structure in the slurry but also
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Fig. 6.68 Quantitative metallographic results, A356 alloy; (a) a-Al percentage, (b) Si percentage,
(¢) Si number density and Si particles percentage having aspect ratio greater than 2, (d) Si circular
diameter and area/perimeter ratio (reproduced from [46])
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Fig. 6.70 Optical micrographs showing the effect of Sr addition in the SEED process: (a)
non-modified, (b) 47 ppm Sr, (¢) 156 ppm Sr, and (d) 392 ppm Sr

imparts forced convection onto the remaining liquid resulting in better fluid flow
and smaller silicon particles (Sect. 3.3.3).

Comparing the microstructure with diecast part (injected billets) reveals similar
globule size; however, the primary phase in die-cast parts is partially deformed by
the applied pressure. The magnified region shows a Sr-modified structure compa-
rable to the quenched billet (Fig. 6.71).

By calculating different solidification ranges from thermal analysis results, it
becomes obvious that AT, increases by Sr addition due to the lowering of the main
eutectic reaction. Figure 6.72 shows the solidification range of Al7Si and A356
alloys. The primary a-Al solidification range (AT,) is a key since an expanded a-Al
solidification range improves the likelihood of having more globular semi-solid
slurries and gives a wider working temperature with lower sensitivity to tempera-
ture variation. However, the larger the mushy zone, the greater is the risk of hot
tearing and porosity formation in the cast product, but this may be compensated
when the SSM billets are shaped under adequate external pressure.

Overmodification could be detected by coarsening of eutectic silicon, increasing
of the intersilicon spacing, and the formation of Sr-based intermetallic phases
within the eutectic pools. It is noticeable from Fig. 6.73 that Sr compounds may
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Fig. 6.71 HPDC structure of the Sr-modified A356 alloy, with 110 ppm Sr
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Fig. 6.72 Effect of Sr on the solidification range of various phases; (a) Al7Si, (b) A356

segregate in two distinct morphologies of cuboidal and flake/plate (or needle). The
microprobe analysis of the Sr-based compounds suggests Al,Si,Sr stoichiometry
(with no chemical variation) in confirmation of the results reported before
[27, 28]. These particles were found to form in castings with Sr additions in excess
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Si x-1 ay ap Sr x-ray map

Fig. 6.73 Optical and backscattered electron micrographs and respected X-ray maps of the
intermetallic particles formed due to Sr addition (about 700 ppm Sr) [46]

of 390 ppm. Therefore, the optimum concentration of Sr appears to be between
50-200 ppm.

Comparing the metallographic results of microstructural evolution of
Sr-modified billets with respect to Mg addition in both conventional and SSM
castings shows that addition of Mg to the alloy has a negative effect on the
modification by coarsening the fibrous structure and deterioration of the eutectic
microstructure by appearance of some sort of lamellar structure (Fig. 6.74). The
reason for the degradation of the modification is believed to be due to the formation
of intermetallic phases of the type Mg,SrAl,4Si; [49, 59, 60]. In conclusion, the
Mg-free melt modified with a lower depression value for the eutectic temperature
and better structure than the A17Si0.35 Mg. Hence for cooling rates within the range
of these tests, Mg has a distinct negative effect on the modification which cannot be
detected by thermal analysis.

The SEM analysis of the non-modified deep-etched specimens, Fig. 6.75a,
suggests the plate like silicon crystals have grown out of individual nucleation
sites, while the modified structure consists of highly branched silicon fibers, but
with much lower number of isolated fiber. The interlamellar/interrod spacing
appears to have decreased in the rheocast billets when Figs. 6.67 and 6.75 are
compared. Such refinement is partly due to the quenching of SSM slurries from the
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Fig. 6.74 Comparison of Sr-modified microstructures with varying Mg content: (a) 0.0%Mg,
300 ppm Sr, Al7%Si (b) 1.21%Mg, 250 ppm Sr, Al7%Si [49] (reprinted by permission of Taylor &
Francis Ltd), (¢) graphite cup, without Mg, 54ppmSr, (d) graphite cup, 0.35 Mg, 47ppmSr,
(e) quenched billet, without Mg, 54ppmSr, (f) quenched billet, 0.35 Mg, 47ppmSr

mushy zone and partly due to the fluid flow and thermal uniformity within the SSM
mold. This means that the branching of Si fiber is not hindered and it can branch in
any direction, since there is not any directional heat flow within the mold. From the
modification mechanism point of view, with the presence of modifier, both the
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Fig. 6.75 Scanning electron micrographs of the deep etched (10%HF) SEED billets to show
morphological changes of eutectic Si with Sr addition; (a) without Sr [46], (b) 156 ppm Sr

Fig. 6.76 Scanning
electron micrograph
showing the fibrous
structure in HPDC SSM
part, A356 with 110 ppm Sr

twining frequency and the angle of branching increase with freezing rate, both of
which promote modification and formation of finer structures [53].

Figure 6.76 shows the SEM micrograph of silicon phase within the HPDC
injected cast piece. The Si morphology and compactness are comparable with the
quenched billets (Fig. 6.75b) which is linked to the high cooling rate during
solidification in diecast machine.

Image Analysis

The percentage of the primary o-Al particles increases slightly with strontium
(Fig. 6.77a). With addition of Sr, the eutectic line moves downward and as a result,
the eutectic point shifting to the right, thus expanding the a-Al freezing range and
increasing the fraction of primary a-Al. This is of great importance in the SSM
processing since a wider solidification range renders more flexibility in SSM
processing especially when the commercialization of the process is intended.
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The average primary a-Al particle size, equivalent circular area diameter,
increases slightly with Sr addition while the number density remains approximately
constant (Fig. 6.77a, b). This is in line with the increase in the primary o-Al
percentage and since number density remains constant, it is expected that the
a-Al particle size to increase. The area-to-perimeter ratio is measured and showed
an increase with Sr addition in support of the findings for the average circular
diameter [46]. In order to further highlight the globularization effect with Sr
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Fig. 6.77 Image analysis results for A356 with Sr addition: (a) primary a-Al percentage, average
circular diameter, (b) number density of a-Al particles, percentage of a-Al particles having aspect
ratio >2, (c) the percentage of particles having sphericity >0.8, (d) data sorting with and without
Sr (reproduced from [46])
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addition, the percentage of primary a-Al particles having aspect ratio above 2 was
measured and presented in Fig. 6.77b. The overall reducing trend in this figure is an
indication of better globularization of the primary a-Al particles with increasing Sr
addition.

The concept of sphericity was used to better understand the role of modification
on the morphology of the primary a-Al particles. Figure 6.77c shows the percentage
of a-Al particles with sphericity greater than 0.8. With modification, the percentage
of particles having sphericity values closer to one increased with increasing Sr.
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Since modification is entirely attributed to the alteration of silicon morphology,
the question may arise if it has any contribution toward primary a-Al morphology
as well. It is believed that any variation in the surface tension of the alloy plays an
important role on the globularization of a-Al particles. Previously, it was reported
that Sr and Na decrease the surface tension of the melt [61, 62]. By decreasing the
surface tension, wettability of primary a-Al particles by the remaining liquid is
improved. This is equivalent to having more contact between the remaining liquid
and primary a-Al. Decreasing the surface tension makes the fluid flow around the
a-Al particles easier and consequently renders enhanced shaving and trimming of
these particles and therefore causes the formation of more spherical and rounder
particles.

This is even more pronounced during stirring, where thermal and solutal homog-
enization take place and with consideration of better fluidity due to lower surface
tension and better wettability, it may be true to conclude that the flow around
particles could smooth off primary a-Al particles better and thus rounder particles
obtain.

6.2.3 Combined Effect of Refiner—Modifier

Grain refining and modification offers substantial benefits in casting processes.
Finer grain ensures better mechanical properties, improved machinability, better
feeding while with modification silicon flakes change to fibrous resulting in better
properties especially ductility. Therefore, it is reasonable to use combined refiner
and modification treatments to take advantage of both as it has been the norm for the
last three decades. However, each treatment has its own characteristics and with
combination, considerable changes may occur in the percentages, shapes, and sizes
of both primary a-Al and eutectic Si.

6.2.3.1 Addition of Ti, B, and Sr to the A356 Alloy

The objective is to study the simultaneous addition of refiner and modifier to the
alloy. For this purpose, AI5Ti1B and Al10Sr master alloys were added to the melt to
raise Ti, B, and Sr levels in the alloy. The optimum additional level was deduced
from the information in Sects. 6.2.1 and 6.2.2 and the final compositions are listed
in Table 6.9.

Table 6.9 Chemical analysis for before and after combined treatment (wt. %)

Si Mg |Fe Mn Cu Ti B P Sr Al
Base alloy 6.68 |0.4 |0.07 |0.003 |0.001 |0.0058 |0.0001 |0.0003 |0.000 |Bal.
Treated alloy |6.68 |0.39 |0.08 |0.003 |0.001 |0.058 |0.0098 |0.0003 |0.014 |Bal.
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Conventional Casting

Thermal Analysis

Figure 6.78 reveals the nucleation and growth segments of typical cooling curves
for primary a-Al formation and eutectic reaction of both untreated and treated
alloys. By combined treatment, the nucleation and growth temperatures of primary
a-Al shifted up while the eutectic reaction has been suppressed to lower
temperatures.
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Fig. 6.78 Cooling curves before and after additions: (a) beginning of solidification, (b) eutectic
reaction zone [63]
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Small addition of Al5STilB shifted the curves up and recalescence decreased.
Furthermore, both nucleation and growth temperatures of a-Al particles increased
but the temperature rise is greater for T, as clearly seen in Fig. 6.79a. This means
that there are more nuclei with lower chance of growth at any one time during
nucleation and early growth of primary phase.

The changes in Tyc,, » T'max., » A©, and AT, due to combined treatment are shown
in Fig. 6.79b. The changes in eutectic thermal analysis parameters are the same for
sole and combined treatments which may confirm the independent function of
refiner and modifier during solidification. In other words, the strong affinity of B
for Ti to form TiB,; nucleants impedes any reaction between Sr and B to form SrBg¢
compounds and thus cannot inactivate Sr as a modifier. The eutectic nucleation
temperature and eutectic maximum temperature decrease with Sr addition
(Fig. 6.79b). The eutectic recalescence, AO, also increased by ~2 °C with
140 ppm Sr. Also depression of the eutectic temperature causes larger o-Al
solidification range and consequently more a-Al formation.
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Fig. 6.79 Variation of: (a) nucleation and growth temperatures of a-Al particles and ATgec, (b)
nucleation and maximum temperature of eutectic, A© and AT, [63]
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The effects of separate sole additions of refiner and modifier to A356 Al-Si
alloy are reported before in Sects. 6.2.1 and 6.2.2. Sole addition of refiner lifted
up nucleation temperature by as much as 4-5 °C, while sole addition of Sr-based
modifier depressed eutectic temperature by almost 7-8 °C. In other words, if both
additives performed the same way for the combined case, the solidification range
should increase by 11-13 °C. Figure 6.80 shows variation of AT, and AT, due
to the combined addition. Combined addition enlarges the AT, by more than
~12 °C and depresses AT, by almost the same amount. Although widening
solidification range may not be regarded important for conventional casting or
even be a drawback due to increasing the incident of porosity, but surely it is
quite crucial for SSM processes. Furthermore, development of wider freezing
range slows down directional solidification which is again a positive point in
SSM processing.
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Fig. 6.80 Effect of

=
combined addition on the AT o AAT eut

solidification range 50
45
40
35
30
25

20
15 ===

10
without addition 580ppmTi,180ppmSr

Solidification ranges (°C)

Structural Analysis

The optical micrographs in Fig. 6.81 depict microstructural changes due to the
combined treatment. By refiner addition a-Al nucleation temperature increased due
to more potent and effective nucleants in the bulk liquid. When there is a high density
of nucleants in the system, the mean free path between the nuclei becomes smaller and
thus grain growth is restricted. Furthermore, the heat flow becomes multidirectional
due to high density of nucleants. Such solidification conditions should eventually lead
to the formation of somewhat spherical primary phase particles.

The correlation between the average grain size, the a-Al nucleation temperature,
and the recalescence time is demonstrated in Fig. 6.82. With the combined addition,
the grain size was reduced more efficiently than when the sole refiner was added,
the final grain size being ~520 pm (a 56 % reduction against 33 % with refiner by
itself). It seems that combined effect gives better refinement than the addition of
sole refiner, shown in Fig. 6.25. Such a conclusion may be reached if the
recalescence values for the combined (—0.5 to —0.1) and the sole treatment
(—1.0 to —0.5) are compared. It is well established that the smaller the magnitude
of recalescence, the more effective is the grain refiner. Interestingly, by measuring
of the liquidus undercooling time, fg.., it was observed that this time decreased by
refiner addition. A small value of g, signifies that the nuclei do not have a long
nonsteady growth period at the beginning of solidification. In other words, longer
values of fg.. are related to more nonsteady growth opportunity and consequently
larger dendrite formation. This is in line with the micrographs shown in Fig. 6.81.

Semi-Solid Processing

Structural Analysis

The optical micrographs in Fig. 6.83 show the effect of combined treatment.
Inoculation is obvious through globule size reduction and more primary particles,
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Fig. 6.81 Micrographs revealing the impact of combined treatment: (a, b) Without addition, (¢, d)
580 ppm Ti, 98 ppm B, 140 ppm Sr
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Fig. 6.82 Relation between grain size and thermal analysis parameters [63]
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Fig. 6.83 Micrographs of SSM structures: (a, b) Without addition, (¢, d) 580 ppm Ti, 98 ppm B,
140 ppm Sr

while modification is visible at higher magnification by morphological changing of
silicon particles from lamellar (flake) to fibrous.

By stirring and forced flow, convection, the initial dendrites obliged either to
break up by fragmentation or root remelting mechanism (Sect. 3.2.1) or even
plastically bend with the final shape of a “cramped dendrite.” Figure 6.84 confirms
that the individual globules are indeed part of one single cramped dendrite and only
appeared as globules due to metallographic sectioning. In order to determine
whether the globules are independent grains or segments of a larger cramped
a-Al phase, polarized light microscopy is a suitable tool.

Image Analysis

As discussed in the previous sections, the scale of eutectic structure is quite fine in
the SSM billets and optical quantitative metallography was not viable for the
eutectic silicon. Therefore, the results as presented in Fig. 6.85 are solely concen-
trated on the primary a-Al phase.

The primary a-Al percentage appears to have increased slightly which is mainly
due to the higher number of effective nuclei from the refining agent (Fig. 6.85a). It
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Fig. 6.84 (a) Polarized picture, and (b) schematic representation of dendrites transformation to
cramped dendrites due to stirring [63]

has been shown that combined treatment increased the a-Al solidification range by
11-13 °C. With sole modification, the number density of primary a-Al particles
remained unchanged while its quantity increased and hence the average circular
diameter rose (Sect. 6.2.2). This is not the case for combined treatment, where the
average circular diameter decreased slightly but the change in number density is
more pronounced (Fig. 6.85b). This is attributed to grain refining effect in shifting
the nucleation temperature to higher values and rendering more nuclei to form per
unit volume. The greater number of nuclei compensates the enlargement of solid-
ification range due to the combined treatment. Furthermore, the percentage of a-Al
particles with aspect ratio >2 decreases. Such finding coupled with the increasing
in sphericity values as shown in Fig. 6.85c is an indication of improving globularity.

6.2.3.2 Addition of B and Sr to the A356 Alloy

The optimum additional levels of boron and strontium were reported in
Sects. 6.2.1.3 and 6.2.2, respectively. The selected chemical composition are
therefore based on those findings and given in Table 6.10 (master alloys Al5SB
and Al10Sr).

Conventional Casting

Thermal Analysis

The combined addition appears to be effective in reducing the recalescence in the
bulk liquid and lowering the eutectic reaction due to its strontium content
(Fig. 6.86). The resulting thermal data extracted from further analysis of the cooling
curves are plotted in Fig. 6.87. In the untreated alloy, the recalescence is about 2 °C
and nucleation and growth temperatures of the primary phase are ~615-616 °C
while with the combined treatment, both temperatures increased and recalescence
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Fig. 6.86 (a) Commencement of solidification with combined B-Sr treatment, (b) eutectic
reactions [64]

decreased. In the eutectic reaction zone, Sr modification causes lower eutectic
nucleation temperature and the eutectic recalescence also increased.

Comparing the results with the sole boron addition indicates that increasing of
nucleation and growth temperatures of primary a-Al particles is slightly greater in
the B-treated alloy and the recalescence for combined treatment could not reach
zero. This is an indication for a bit larger grain size in B-Sr-treated alloys as will
be described later. From modification perspective, Sr decreases the nucleation
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and maximum temperatures of the eutectic and thus increasing the a-Al
solidification range.

Figure 6.88 shows the effect of combined addition on the solidification range. As
confirmed in Sect. 6.2.1.3, boron is the most effective refiner and changes Ty,, by
as much as ~8 °C. On the other hand, Sr reacts with B and as a result, the overall
percentages of Sr and B to act as refiner/modifier decrease and thus could not be as
effective as those of sole addition. Sr and B react and form SrB¢ compounds
according to following reaction:

Sr+ 6B — SrBg (6.5)

This reaction shows that each strontium atom could react with six boron atoms
and form SrBg compound. According to Appendix B and the disregistry values,
both SrB¢ and TiB, could act as nucleant however boron consumption in the
compound is one of the key parameters. It means that AIB, consumes less amount
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Fig. 6.87 Variation of: (a) Tuc,,, T’
due to modifier addition [64]

and ATge. due to the refiner, (b) Thyc,, » T maxe,» A6, and AT,

gar’


http://dx.doi.org/10.1007/978-3-319-40335-9_BM1

6.2 Melt Treatment in the Semi-Solid Casting, SEED Technology 281

b 576 eTnuc eut A Tmax eut

74 F -

572

570 4

568

Temperature (°C)

566

564

0 30 60 90 120 150
Sr-content (PPM)

A A

Ae (Tmaxg, - Tming,,)(°C)

: : T 25
0 30 60 90 120 150
Sr-content (PPM)

Fig. 6.87 (continued)

R AT
combined addition to the 55 $ATo AATeut L X

solidification range [64] 50 1
45+
40
351
30 1
251
20
L1 s

10
without addition With B &Sr

Solidification ranges (°C)




282 6 Rheocasting-Melt Treatment

of boron comparing to SrBg and as a result by considering a constant amount of
boron, the density of nucleant particles is much higher in the case of AlB, as lower
number of boron atoms are associated with this compound. Therefore by greater
number of potent nucleants, the probability of having lower grain size is increased.

Structural Analysis

The microstructural transformation due to the combined addition of B and Sr is
shown in Fig. 6.89. The microstructure obviously refines with the formation of
smaller equiaxed grains. This is attributed to the large number of nucleants dis-
persed within the bulk liquid to initiate nucleation and coupled with
multidirectional growth to end up with an equiaxed structure. By formation of
SrBg compounds and decreasing of the free strontium atoms in the liquid, the
remaining Sr atoms are not sufficient enough in altering the flake morphology of
the eutectic silicon to fibrous, Fig. 6.89c, d.

The correlation between the microstructural parameters of grain size, Tpyc,,, and
frec 18 shown in Fig. 6.90 where a reduction of the grain size from ~1200 pm to
~400 pm is accompanied by increasing the nucleation temperature of a-Al particles

a — b

e~
"-N\,Q?\ \v- .
. N\ Y
é :
\\ -
’ \.gc.::.\s.,
o N W m=
Fig. 6.89 Micrographs representing the effect of simultaneous melt treatment: (a, b) Without
addition, (¢, d) 231 ppm B, 112 ppm Sr
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Fig. 6.90 The correlation of .. and nucleation temperature on the grain size of B-Sr-treated
alloys

by 3 °C. The combined addition of Sr and B has caused smaller grain size value
comparing to that of Ti and B addition (Fig. 6.82) but it could not reach to the values
of sole boron addition (Fig. 6.40). In case of sole boron addition, the grain size
reached to a minimum value of ~300 pm while co-addition of Sr-B resulted in the
formation of SrBg particles and thus consuming more boron atoms comparing to
AlB, particles, the nucleant responsible for refinement in sole B-treated melt, the
minimum value of grain size is greater than the sole boron addition. fg.. is a
parameter where its reduction is an indication of lower nonsteady growth rate of
the primary particles at the initial stages of solidification. However, comparing the
combined Sr-B results with the sole addition of boron confirms that this parameter
could not approach zero for combined addition; it is not as effective as sole boron
addition.

There is a strong affinity between Sr and B and therefore these elements
immediately react and form SrBg. Most of the boron atoms which should be utilized
for refining purposes are consumed to form this compound and as a result, refining
becomes less effective. Also Sr is removed from the melt and hence there is less
strontium available for modification. The result is partial refining and modification.
Figure 6.91 shows boron-based intermetallics within eutectic area in different
additional levels.

Semi-Solid Processing

Structural Analysis

The optical micrographs in Fig. 6.92 show the effect of combined melt treatment
with B and Sr. The addition of inoculant means having more nucleants in the system
and by considering of higher Ty, which was shown in Fig. 6.87a, higher



284 6 Rheocasting-Melt Treatment

O‘I "’?{m ‘:?'7'
;,t?.‘!
o i /

B

Fig. 6.91 Intermetallics formation and agglomeration due to: (a) 231 ppm B, 112 ppm Sr, (b)
218 ppm B, 136 ppm Sr [64]

Fig. 6.92 Optical micrographs showing the effect of combined treatment: (a) Without addition,
(b) 218 ppm B, 136 ppm Sr [64]

percentage of a-Al particles is expected. Sr addition increased the percentage of
primary phase by depressing the eutectic temperature to lower values, and widening
the solidification range. Such qualitative remarks will be supported when the
quantitative results are discussed later.
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The effect of modification is recognizable by the formation of rounder glob-
ules plus morphological evolution of silicon flakes to fibrous (Fig. 6.92). The
evolution of eutectic silicon is not homogenous and a mixture of flake/fibrous
structure is dominant. However, if Fig. 6.92 is compared with that of Fig. 6.89,
the question may arise as why there is a change in the silicon morphology in the
SSM cast billets. It is necessary to consider two distinct effects. By quenching the
SSM billets, the silicon flake size decreases due to the higher cooling rate. From a
kinetics point of view, the reaction of Sr and B in this system is time dependent
and in conventional air cooled samples, there is enough time for SrB¢ formation
prior to the main eutectic reaction and therefore the remaining Sr is inadequate to
cause morphological changes of silicon flakes. In quenched billets, the story is
different as the billets were quenched from 598 °C and this would result in shorter
reaction time for Sr and B (SrB¢) and therefore the unreacted Sr in the system is
greater.

Combined addition of Sr and B has disadvantages of intermetallic formation in
the eutectic regions due to their high affinity. Figure 6.93 shows typical agglomer-
ation in the billets. Electron microprobe analysis of these particles confirmed SrBg
stoichiometry.

Fig. 6.93 (a) Backscattered electron micrograph of agglomerations, and X-ray maps for: (b) Al,
(¢) B, and (d) Sr (SEED sample with 231 ppm B, 112 ppm Sr) [64]
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Fig. 6.94 (a) Backscattered micrographs of a nucleus in the sample with 231 ppm B, and X-ray
maps of (b) Al, (c¢) Sr, (d) Ti, and (e) B [64]

The nucleation sites for the primary a-Al particles were searched in the
as-quenched billets. The backscattered electron micrograph and corresponding
X-ray maps in Fig. 6.94 confirms that the nucleant is a particle consisting of
Sr, B, and Ti elements.

Figure 6.95 shows the SEM (secondary electron) micrographs of selected deep
etched samples. Comparing to the conventional cast specimens, finer and fibrous
structure is more obvious in the combined treated samples. With modifier addition,
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Fig. 6.95 SEM secondary electron (SE) micrographs, deep etched in 10%HF, (a) without
addition, (b) 218 ppm B, 136 ppm Sr addition [64]

the flaky structure of silicon changes to fibrous and the seaweed-like structure is
visible but its distribution is not uniform in the sample and some flakes are also
visible.

Image Analysis

The results of image processing are shown in Fig. 6.96. The primary a-Al percent-
age increased which is mainly associated with the numerous nucleation sites as
discussed before, i.e., shifting up the solidification temperature due to the B
addition and the benefit of lowering the eutectic reaction due to the Sr addition.
Globule size reduction was noticed through different parameters such as decreasing
of circular diameter, the percentage of a-Al particles having aspect ratio >2, and
the area-to-perimeter ratio and increasing of particles number density. Also, the
percentage of particles having sphericity greater than 0.8 increases, meaning higher
degree of globularity.

6.2.4 Rheological Characteristics
6.2.4.1 Rheological Studies of A356 Alloy/Addition of Ti, B, and Sr

A limited number of rheological tests were performed with the optimum additional
level of refiner and/or modifier using Al5TilB and All10Sr master alloys. The
optimum rates were obtained from the previous sections in this chapter and the
final chemical compositions are listed in Table 6.11.

The optical micrographs in Fig. 6.97 show the microstructural evolution of the
untreated and treated billets before and after deformation (the entire specimens
were quenched in water from 598 £2 °C). The micrographs in the first row
(Fig. 6.97a—c) show the structure of the billets at the end of casting and just before
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the rheology tests, while the second row (Fig. 6.97d—f) shows the structure of the
same billets after isothermal reheating and compression tests (10 min at 598 4-2 °C)
which obviously show some degree of coarsening due to isothermal holding. This
coarsening is expected, since the billets were held isothermally under pressure
which not only induced better contact between particles, but also improved wetting
between particle and liquid. In other words, the diffusion and transport of constit-
uent elements as the prerequisite for coarsening were improved. The disappearance
of finer particles in the deformed billets is a clear indication of Ostwald ripening as
the dominant mechanism for coarsening.
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Fig. 6.96 (continued)

Strain—Time Graphs

289

Figure 6.98a shows a typical deformation—time curve. The graph typically has three

deformation stages [65];

1. Stage-I, unsteady state, where the billet flows almost without any resistance to
applied pressure. This behavior is attributed to the easy movement of the primary
a-Al particles within the residual liquid and without appreciable collision. The
extent of this region is dependent on the particle size and applied pressure where
it is greater at smaller particle size or higher applied pressure.

2. Stage-II, unsteady state, where there is some degree of resistance to flow due to
the collision of solid particles and formation of a-Al agglomerates. The agglom-
erated chunks are the resisting constituents to billet flow.
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Fig. 6.97 Microstructural evolution of quenched samples ((a) to (¢)): (a) untreated alloy, (b) grain

refined with 620ppmTi, 110 ppm B, (¢) combined treatment, 610ppmTi, 100 ppm B, 160 ppm Sr,
and after isothermal pressing ((d) to (f)): (d) sample “(a),” (e) sample “(b),” (f) sample “(c)” [65]

Both stages I and II are regarded as nonsteady states, since the slope of the graph
varies with time, i.e., there is mainly agglomeration. That’s why the first two
regions are classified as unsteady state segment in Fig. 6.98a.

3. Stage-III, quasi steady state, where the billet deforms steadily with a constant
slope. It is believed the solid-liquid mixture, “the mush,” has reached a state
where it deforms as a single phase. The processes of agglomeration and
deagglomeration establish a quasi-steady-state equilibrium condition in the
mush at this stage of deformation.

Figure 6.98b shows the effect of various melt treatments on the deformation
behavior of the SSM billets. The change in the billets deformability due to a-Al
particles size and distribution is clearly visible on the graphs. The untreated alloy
(base alloy) shows the lowest strain values while the grain refined and combined
treated alloys deform at much higher range due to smaller globule size as indicated
in the previous section. It has to be emphasized that the flow characteristics of the
refined and combined treated billets are almost the same and only one deformation
band is presented for both alloys.

For the shaped engineering components, the mechanical properties are not only
dependent on the primary a-Al phase, but also on the morphology of silicon. It is
believed that the combined treatment is the preferred choice for melt treatment
resulting in better die filling and mechanical properties. The modified alloy lies
somewhere between the refined/combined and the base alloys.

To better understanding the particle size effect during deformation, several tests
were performed on the overrefined billets and typical strain—time graphs are given
in Fig. 6.99. Overrefinement is defined as the addition of inoculant in excess of the
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Fig. 6.98 (a) A typical graph for different deformation stages during parallel plate compression
test, (b) strain—time graphs for melt treatment [65]

optimum percentages of ~0.06-0.08 % Ti, and ~0.01-0.02 % B, respectively. With
over addition, the average circular diameter of the primary a-Al particles in the
quenched billets was reduced by ~5 % and number density increased by ~20 %
(Sect. 6.2.1.2). The lower resistance to flow for the overrefined billet shown in
Fig. 6.99 is solely due to the smaller particle size of the primary a-Al phase. The
deformation in the overrefined billet is even higher than that of the billet with
optimum refiner addition throughout the compression test. However, the drawback
of overrefined billets is the formation of Ti-based intermetallic compounds as
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Fig. 6.99 Comparison of the typical strain—time graphs for the untreated, refined, and overrefined
alloys [65]

Fig. 6.100 Deformed billets under 4.88 kPa pressure; (a) base alloy, (b) refined, and (c)
overrefined [65]

discussed earlier. It is important to note that the formation of Ti-based intermetal-
lics in the overrefined condition did not impede the flow during rheological test. The
main negative result of these intermetallics is on the mechanical properties of the
finished product. Once the billet is shaped to a product, they may act as potential
crack initiation sites.

The optical photomicrograph in Fig. 6.100 compares the deformability of the
base alloy with that of the refined and overrefined billets to further confirm the
strain—time graphs presented in Fig. 6.99. Before the tests, billets were of the same
original height and diameter and the reduction of height shows the billet capability
to flow under constant applied pressure. The slight width differences in the three
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treated billets are due to longitudinal sectioning which may have been somewhat
off-center for the combined treated billet.

The better flow characteristics of the refined billets are attributed to the reduction
of primary a-Al particle size and lower dendrite coherency point (DCP). For
conventionally cast alloys, it is reported that refining and modification reduces
the DCP to lower temperatures and thus induces less restriction to liquid mass flow
[66]. For SSM alloys, the fact that large and extended dendrites are no longer the
dominant morphology, the tendency to form a three-dimensional interconnected
solid network is reduced. The refined alloy contains finer and more spherical
primary o-Al particles with greater amount of solid—liquid interfacial area where
the interparticle liquid film could assist solid particles gliding over one another. The
finer the particles, the greater the interfacial area which tends to facilitate the
particle slipping and thus easier particle glide should be expected. For particle-to-
particle contact, first the smaller particle size increases the magnitude of contact
area between particles and therefore the applied pressure is better transferred from
particle to particle resulting in easier movement of particles and better flow.
Second, the energy required to push smaller particles over each other is smaller
than that required for larger ones.

For the case of Sr modification, it is proposed that the reductions in the surface
tension of the remaining liquid and lower DCP are the factors that improve flow
characteristic of the SSM billets. It has been reported that strontium reduces surface
tension of the melt [61, 62], and hence decrease the viscosity to induce better flow
within the SSM billets. By decreasing the surface tension, the wettability of the
primary a-Al particles by the remaining liquid is improved. This is equivalent to
having more contact between the remaining liquid and primary a-Al.

Viscosity

The graphs presented in Fig. 6.101 are calculated from the results obtained for
height changes with time during the quasi-steady-state deformation, ~200-600 s
after the beginning of each compression test (see Fig. 6.98a). The results were
calculated on the assumption that the semi-solid billets behave as Newtonian fluids
at this stage of deformation.

The viscosity is calculated through inverse slope of these graphs according to the
equations explained in Sect. 4.2 and the results are listed in Table 6.12. The results
are similar to viscosity of semi-solid alloys of Sn—15%Pb [67], A356 [68, 69], and
Al-SiC composites [70] having globular primary particles at similar solid fraction
and shear rate (see Fig. 4.16). The working temperature in these series of tests was
598 + 2 °C which according to the thermal analysis and ThermoCalc calculations
result in maximum 5 % variation of fraction solid. The 5 % solid fraction variation
is normal in SSM processing and should not be a matter of concern in viscosity
measurement. Besides, A356 alloy is a well-researched alloy and has low fraction
solid sensitivity to minor temperature variation, which is due to its wide
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Fig. 6.101 Quasi-steady-state part of the graphs, where the left-hand side of equation
4.30 (Chap. 4) is plotted against time within 200—-600 s after the beginning of each test to calculate

the viscosity [65]

Table 6.12 Viscosity values with different treatments [65]

Base Alloy

Ti-B Refined Modified Combined

Overrefinement

Log n (Pa.s)

8.0-8.1

7.38-7.4 7.39 7.3-174 7

solidification range. This is particularly true for the narrow semi-solid processing
window used in this study, 598 +2 °C.

Most of the previous studies were carried out on small samples with 7 <R (h is
the height and R is the radius of billet). The fact that the current results are close to
those reported for samples with & < R, suggests the irrelevancy of such criterion
provided that all the measurements taken from regions with maximum radial
deformation (see Sect. 4.2.2—sample size). This has an important implication in
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industrial applications since there would be no need for resizing the billet. Further-
more, it may suggest the parallel plate compression test on actual billets could be
used as an online quality check for rheocast feedstock in cast shops [71].

In all cases where the size of primary a-Al phase was decreased by refiner
addition or by lowering surface tension using Sr, the viscosity values were found to
be lowered. At low values of initial applied pressure, the non-refined structures
have shown higher viscosity than refined alloys. Normally in a specific alloy, higher
percentage of primary particles leads to an increase in the viscosity value which is
linked to the larger particles with less liquid percentage (which acts as lubricant).
By inoculation, the key parameter is the reduction of the globule size and higher
sphericity values. Therefore, prevailing factors in the melt treatment procedure are
size and sphericity of primaries and not the slight rise in a-Al percentage.

Liquid Segregation

As described in Sect. 4.2, the billets were compressed uniaxially. The rapid initial
vertical descent of the top plate causes lateral liquid movement in the billet while
the solid particles are compacted and may collide to form agglomerated particles at
the center of billets. The magnitude of the segregated liquid zone depends on the
percentage of deformation, deformation rate, temperature, and particle size and
morphology [70].

Micrographs taken from the center, middle, and wall sections of the billets
deformed at 4.88 kPa are shown in Fig. 6.102 (micrographs taken at various
locations are attached intentionally for comparison). The microstructures of the
central zone are homogenous regardless of the melt treatment. The eutectic liquid
(dark regions) appears to have accumulated mainly at regions near the billet wall.
This was expected, since the applied pressure displaces the residual liquid laterally
toward the walls. This phenomenon is intensified during the injection of semi-solid
billets in high pressure die casting due to greater magnitude of applied pressure
[72]. The formation of segregated liquid regions is due to the differences in the
density and flowability of the residual liquid and the primary a-Al particles.

The untreated base alloy along with the modified, and refined samples show
some degree of liquid segregation in the outer layers near the billet wall, while the
combined and overrefined cases show the least segregation. The absence of liquid
segregation for the latter samples may be attributed to better distribution of primary
particles (a-Al), having finer and more spherical morphology in the billets. Fine
a-Al solid particles move with liquid without excessive collision and bring about
homogenous distribution of primary a-Al phase. The micrographs presented in
Fig. 6.102 confirm such hypothesis and show almost no segregation of liquid for
the billets with the combined treatment.
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Fig. 6.102 Microstructure of deformed SSM billets from center to the wall, (a) untreated alloy,
(b) refined, (¢) modified, (d) combined, and (e) overrefined [65]

6.2.4.2 Rheological Studies of A356 Alloy/Addition of B and Sr

The optimum additional levels were measured in Sect. 6.2.3.2. The final chemical
compositions are shown in Table 6.13.
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Fig. 6.103 Optical micrographs of quenched samples ((a) to (c)): (a) untreated alloy, (b) grain

refined with 225 ppm B, (¢) combined treatment, 230 ppm B, 112 ppm Sr, and after isothermal
pressing ((d) to (f)): (d) sample “(a),” (e) sample “(b),” (f) sample “(c)” [64]
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Figure 6.103 shows the structural evolution of untreated, B-treated, and B-Sr-
treated alloy. As confirmed in Sect. 6.2.1.3, boron is an effective refiner (enhanced
performance) and its addition results in ~5 % reduction in average circular diameter
and ~18-23 % increase in number density. The smaller and more spherical primary
a-Al particles with overall higher amount are obvious in the structure as seen in
Fig. 6.103b.

By Sr and B combination, it is expected to have fibrous morphology of eutectic
silicon but as discussed in Sect. 6.2.3.2, this evolution is not uniform and homog-
enous throughout the billets. It means that some parts are fully modified while
others are partially modified as noticeable in Fig. 6.104b.

With isothermal holding, entrapment of liquid (eutectic) is evident which is
normally seen in thixocasting. As well, a-Al particles coarsen and with increasing
in size and coalescence of primary a-Al particles (i.e., pseudo-sintering the primary
particles), liquid is encapsulated and finally form entrapped areas (later this liquid
transforms to eutectic mixture during quenching process). This process of liquid
entrapment may also be assisted by agglomeration mechanism related to the
application of external forces as clearly shown in Fig. 6.105.

Strain—Time Graphs

The formability of the refined and combined treated slurries is shown in Fig. 6.106.
The higher deformation of the B-treated alloy as an efficient refiner is clear in the
strain—time graphs with the highest strain at any time belonging to the B-refined
slurries. As discussed in Sect. 6.2.1.3, boron contained master alloy is capable of
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Fig. 6.104 Effect of Sr addition on the deformed billets: (a) 288 ppm B, (b) 313 ppm B and
160 ppm Sr [64]

Fig. 6.105 Optical micrographs showing the entrapped liquid: (a) refined with 288 ppm B, (b)
with 313 ppm B and 160 ppm Sr addition (arrows showing the sintering points) [64]

efficient refinement which is contributed to the presence of AIB, particles, and
dissolved boron in the aluminum matrix. The untreated alloy has the lowest overall
deformation and strain rate and highest deformation and strain rate is due to boron
inoculation. The combined effect has the moderate value which confirms the loss of
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Fig. 6.106 Strain—time graphs for B and B-Sr additions [64]
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Fig. 6.107 Deformed billets under 4.88 kPa pressure (base alloy, B-refined, and combined from
left to right) [64]

B due to the formation of SrBg. The remaining B is therefore not adequate to
effectively reduce particle size and thus resulting in less deformation. Another
disadvantage of combined treatment is the nonhomogenous structure of eutectic
silicon which leads to nonuniform mechanical properties. Better deformability of
the boron-treated billet is also clear in Fig. 6.107.

Viscosity

As explained in Sect. 6.2.4, the viscosity of SSM billet was calculated from the
quasi-steady-state region of the graphs in 6.106 (~200-600 s) (Fig. 6.108). The
calculated viscosity values are given in Table 6.14. The lowest values of the



302 6 Rheocasting-Melt Treatment

0.00012 —————| ==Base Alloy — - B-Refined Combined |——————

- 0.0001 4 —————mmmmmmmmmmmm =T
=
< -
a. -~
-~
0.00008 4 ———————mmmm =
— - -~
— b -~
—_— ~
-~
- T —
- -~
o~ -~
-~
_ -~
| 000004 fr oo ST o
- t
v | OC
—0.00002 e T T o
0 . ; . . . . .
200 250 300 350 400 450 500 550 600
Time (s)

Fig. 6.108 Steady state part of the graphs used for viscosity calculation, equation 4.30 (Chap. 4)

Table 6.14 Viscosity values for refining and combined treatments

Base Alloy B-Refined Combined
Log n (Pa.s) 8.0-8.1 6.6-6.7 7.1-7.3

logarithmic numbers of viscosity belong to the B-refined sample. The lower
viscosity numbers result in better mold filling in the subsequent injection procedure
during semisolid casting.

Liquid Segregation

With deformation, liquid moves laterally and causes liquid segregation. This effect
is always a combination of liquid escaping due to the application of pressure and
also tendency of liquid to migrate to lower billet extremes, “elephant footing
defect” [73]. By comparing Fig. 6.102b which shows the best condition of Ti-B
master alloy addition with Fig. 6.109b, it is concluded that boron refinement
eliminates liquid segregation by improved distribution of primary particles and
consequent enhanced flowability due to smaller particle size.

6.2.4.3 Rheological Studies of Commercial 356 Alloy/Addition
of Ti, B, and Sr

Finding a correlation between the structural development and deformability of the
alloy is the main concern in this chapter. In this section, the comparison is made for
commercial alloy, with Ti content in the original ingots. The optimum additional
level was measured in Sect. 6.2.1.4 and the final chemical compositions are listed in
Table 6.15.
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Fig. 6.109 Microstructure of deformed SSM billets from center to the wall; (a) original alloy, (b)
refined, and (¢) combined [64]

Due to the preexisted Ti in the alloy, the resulting melts have higher GRF
(growth restriction factor) values (Sect. 6.2.1.4) and hence dendritic growth is
restricted to some degree. Figure 6.110 shows the microstructural evolution due
to the refining and combined treatments. With refining, the primary a-Al percentage
and number density increase slightly. These augmentations are not as much as the
laboratory prepared A356 alloy with trace level Ti content since the original
titanium level in the commercial alloy could overshadow the refiner effect.
Fig. 6.110d—f also show the usual coarsening effect of isothermal compression
tests. It has been shown quite clearly that by isothermal holding at 598 2 °C, the
particles not only grow and become larger, but also contacts between the primary
a-Al particles increase. The greater contact area is due to the compression force and
diffusion at higher temperatures.

In the modified and combined cases, not only the percentage of the primary
phase increases, but also the eutectic silicon morphology is changed. In the
deformed micrographs, Fig. 6.111, the Sr addition results in morphological evolu-
tion of eutectic silicon from lamellar to fibrous structure. Also it seems that the
primary a-Al particles are encapsulated by the eutectic regions.

Strain—Time Graphs

Effects of different treatments on the formability of billets are shown in Fig. 6.112.
Higher strain or better flowability is related to the refined alloy treated by AI5TilB
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Fig. 6.110 Microstructural evolution of 356 quenched samples ((a) to (c)): (a) base alloy, (b)
grain refined, (¢) combined treatment and after pressing ((d) to (f)): (d) sample “(a),” (e) sample
“(b),” (f) sample “(c)” [64]

Fig. 6.111 Effect of Sr addition in the deformed billets: (a) non-modified, (b) 164 ppm Sr
addition [64]

master alloy. By strontium addition, surface tension of the liquid decreases [61, 62]
and this is believed to be the main reason for improving in the slope of the modified
curve. Combined treatment shows itself as a lower limit of the refined curve in the
strain—time graphs.

Comparing the results here with A356 alloy, Fig. 6.98, it appears that both
alloying systems have the same trend in strain values before and after melt
treatment. However, it should be emphasized that the strain values for untreated
alloy are higher in the case of commercial 356 alloy which is associated to the
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Fig. 6.112 Strain—time graphs for entire treatments [64]
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Fig. 6.113 Sectional view of the deformed billets under 4.88 kPa pressure (base alloy, refined,
modified, and combined from /eft to right) [64]

pre-dissolved titanium in the alloy and its role on increasing the GRF value which
was already discussed in Sect. 6.2.1.4.

Figure 6.113 compares longitudinal sections of the compressed billets with
different levels of deformation under 4.88 kPa pressure. The trend in the level of
deformation in these samples matches the strain—time graphs, Fig. 6.112.

Viscosity

Figure 6.114 and Table 6.16 show the viscosity measurements. Comparing the
viscosity values with A356, the values are lower for commercial 356 for similar
treatments. As noted, this is directly related to the effectiveness of titanium in
restricting the globules growth. By lower growth rate of primary a-Al particles, the
particles become smaller and they can flow easier.
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Fig. 6.114 Steady state part of the graphs, where the left hand side of equation 4.30 (Chap. 4) is
plotted against time within 200-600 s after the beginning of each test to calculate the viscosity

Table 6.16 Viscosity values for various treatments

Base alloy TiB-refined Modified Combined
Log 1 (Pa.s) 7.5-7.55 7.3-7.32 7.39-7.4 7.15-7.22

Liquid Segregation

The microstructural changes from center to the wall of the deformed zones of the
billets are shown in Fig. 6.115. The central parts are almost unchanged and there
is no difference regarding the treatment. Normally in the deformed billets, the
liquid segregates adjacent to the wall due to the application of vertical force.
Liquid segregation is unavoidable for the base alloys both in A356 and Com-
mercial 356 groups. This zone in the refined case appears to have the same
segregation pattern as the base alloy with slightly more uniform pattern which is
believed relates to the overshadowing of the refiner effect by the pre-dissolved
titanium in the melt. The same pattern also exists for the modified sample,
however in the combined case, the segregation pattern has disappeared to
some extent.
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Fig. 6.115 Microstructure of deformed SSM billets from center to the wall; (a) base alloy, (b)
refined, (¢) modified, and (d) combined [64]
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Chapter 7
Thixocasting

Abstract Following a very detailed analysis of rheocasting, this chapter
concentrates on thixocasting as another alternative route for SSM processing of
metallic alloys. The effect of reheating parameters on the resulted microstructure of
SSM billets is studied in detail and the effect of grain refining on the final structure
of thixocast alloys is highlighted. The issue of liquid entrapment is discussed with
respect to grain refinement.

7.1 Introduction

The previous chapters have dealt with the process of SSM casting directly from the
melt, that is, rheocasting. The slurry is prepared by stirring the superheated molten
alloy as it cools down to the mushy zone. This chapter describes thixocasting
process where reheating of the alloy to temperatures above solidus and holding it
isothermally within the mushy zone induces the desired structure for SSM casting.

One of the important issues in deciding whether to switch to one specific SSM
fabrication route is the supply of feedstock. The term Slurry on Demand (SoD)
describes the slurry-making operations to provide a constant supply of slurry for
shaping operations. This may include the billets (slugs) produced via conventional
casting or theocasting, stored and used later by simple and short reheating to mushy
zone. This in fact prescribes the SoD procedure based on a combination of
rheocasting and thixocasting. Such an approach could be beneficial to establish
manufacturing plants in regions with restricted environmental regulations while the
feedstock can be produced in specialized sites and shipped to the manufacturing
plants to fulfill the SoD requirements. This is similar to mini mills for steel industry
where the feed stock is shipped to mills to be reheated and rolled to plates and
sheets. Therefore, it is necessary to discuss the process of thixocasting to provide a
basis for comparison.
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7.2 Thixocasting of the Refined Conventional Cast
Specimens

Limited series of tests were performed by reheating the specimens prepared for
thermal analysis (Sect. 4.1). The main objective was to verify the effectiveness of
inoculation during the reheating stage. Samples were chosen according to the
results obtained in Sect. 6.2.1. During the entire experiments, three critical param-
eters were investigated: effect of partial remelting time, solidification cooling rate,
and type of the refiner. These include 5 and 10 min reheating time, two different
cooling rates during solidification process, and addition of sole B and Ti—B via
AlSB and AISTilB master alloys, respectively.

7.2.1 Effect of Reheating Time on SSM Structure

Figure 7.1 shows microstructural evolution of as-cast solidified samples in graphite
cup which partially remelted at 583 £ 3 °C (Sect. 4.1.1.4). At this temperature, there
is about 38-40 % fraction solid according to ThermoCalc calculations. During
partial remelting and subsequent isothermal holding, there are several mechanisms
active as follows:

¢ Remelting of low melting points constituents, eutectic mixture
At this stage, the a-Al portion of the eutectic phase gradually precipitates on the
a-Al primary phase leading to their growth. Numerous examples will be pro-
vided in this chapter (it is important to consider that the majority of eutectic
phase is a-Al).

* Grain coarsening and ripening
Dendrite fragmentation and coalescence could happen at the same time. Roots of
some dendrite arms may get narrow, detach, and form separate particles. Also
coalescence may result in liquid entrapment.

* Globularization and further particle coarsening
Diffusion from areas with higher radius of curvature to areas with lower radius
of curvature to decrease the interfacial energy between solid—liquid.

As shown in Fig. 7.1a, the as-cast untreated structure has a dendritic morphol-
ogy. Other than coarsening of dendrites, reheating for 5 min seems had no major
structural variation. After 10 min isothermal holding, the initial dendritic structure
becomes thicker and rounder but still far from globular structure. In fact, the final
microstructure is highly dependent on the original as-cast structure. Nevertheless, at
the initial stage of holding, the main development is remelting of the eutectic
regions which were indeed the last region to form during solidification process.
For dendritic solidification, the eutectic already formed between the secondary
or tertiary arms which by reheating process, this liquid is more likely to be
entrapped within the arms. Meanwhile other mechanisms are in operation as well.
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b

Fig. 7.1 Polarized light micrographs; (a), (c), (¢) A356, untreated, (b), (d), (f) A356 with 226 ppm
B (as-cast “(a), (b)”, 5 min “(c), (d)”, and 10 min “(e), (f)” reheated samples and isothermally
held at 583 °C)

Grain coarsening leads to thicker secondary arms. By ripening, the smaller grains
remelt and the larger ones grow. Ripening of secondary dendrite arms is quite
evident which is due to the reheating time/temperature and tendency of the structure
to reach the lower energy level, specifically rounder particles.

In Sect. 6.2, various refiners were used to evaluate their effectiveness and it was
found that the addition of sole boron results in minimum average grain size.


http://dx.doi.org/10.1007/978-3-319-40335-9_6
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Fig. 7.2 (a) Schematic presentation of evolution toward globules formation, (b) solid—liquid
interfacial evolution as a function of holding time (circles for untreated A356 and triangles for
A356 refined with boron)

Consequently, boron was found as an excellent refiner to alter the dendritic struc-
ture even with high superheat casting process. After 5 min isothermal heating at
583 °C, the structure had lost the initial dendritic structure and evolved into more
chunky and isolated particles resembling rosette/globule morphology. By 10 min
reheating, the structure becomes almost globular with nearly uniform particle size.
The liquid entrapped within the a-Al particles is reduced in timely manner and most
of it well distributed between a-Al particles (Fig. 7.1).

The driving force for the evolution toward globularization is the reduction of the
eutectic-primary particles interface area. This could be interpreted in terms of A/P
ratio (area over perimeter) for both dendritic and globular structures. By longer
holding time, the interfacial area between the liquid and primary particles is
reduced which is an indication of morphological evolution of primaries. This is
well depicted in Fig. 7.2. The as-cast structure has a great influence on the kinetics
of evolution and as shown, the evolution rate is greater for dendritic structure. The
highly branched dendritic structure has a large solid-liquid interface which is
equivalent to greater driving force toward area reduction, greater reaction kinetic.

As reported by other researchers [1-3], thixocast SSM structure is directly
affected by the as-cast microstructure. This is to say that for a fully developed
dendritic structure, the transformation to globular morphology is very unlikely and
requires very long reheating period. The effect of isothermal holding time within
the mushy zone on globularization is shown in B-treated samples in Fig. 7.3.
In addition, there is a tendency for the primary particles to thicken through



7.2 Thixocasting of the Refined Conventional Cast Specimens 317

24 4 5Min  ® 10Min

2
20 oo |
T *
16 - o e
T4 oo o e e
L2

—
o
|

Percentage (%)

B - e

G- D CRanEt Rt (EEEEE m_v _
. k!
I ¢ ¢  m g ¢

0+—u8 T T . . : : : ;

Sphericity

Fig. 7.3 Comparison of sphericity values for B-refined samples with different holding time (5 and
10 min)

mechanisms such as “Ostwald ripening” to reduce their interfacial area, that is, a
combined process of coarsening and globularization. This is indicated by sphericity
measurement (image analysis) where 10 min isothermal holding results in forma-
tion of rounder globules.

During reheating process and as a result of grain growth, parts of the liquid may
be encapsulated within the coarsened grains. This entrapped liquid adversely
affects the deformability of material which is associated with a reduction in the
interconnected liquid phase. In fact, the percentage of the residual liquid plays an
important role on the rheological behavior of the slurries. It may be regarded as a
lubricant between the primary particles to ease up their movement. As for instance,
by Sr addition, the surface tension of the liquid decreases and therefore easier
sliding of primary particles would result in better die filling (Sect. 6.2.2).

It is also interesting to point out that the percentage of entrapped liquid decreases
with increasing reheating time (Fig. 7.4). Such phenomenon may be interpreted as
further segregation of aluminum onto the existing aluminum particles. The formation
of entrapped liquid may be regarded as a reduction in the level of liquid within the
overall 3D-interconnected liquid pool, but this cannot be with great certainty consid-
ering the difference between what is seen in 2D comparing to the real case in 3D.

7.2.2 Effect of Solidification Cooling Rate on SSM Structure

As stated in the Sect. 4.1, the entire thermal analysis cup samples solidified within
the cooling rates of 1.5-2 °Cs~'. Therefore, to study the effect of solidification
cooling rate on SSM structure, new samples were solidified with much higher
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Fig. 7.5 Evolution of semi-solid structure as a function of cooling rate, A356 alloy (a) as-cast,
~1.5°Cs™!, (b) as-cast, ~11 °Cs!, (c) results from 10 min reheating sample “(a)” at 583 °C, and
(d) results from 10 min reheating sample “(b)” at 583 °C

cooling rate of about 11 °Cs™"' with the application of compressed air. The as-cast
structures are shown in Fig. 7.5a, b where higher cooling rate resulted in more
compacted dendritic structure with obvious lower dendrite arm spacing “DAS” as
expected. Figure 7.5c, d shows the structural evolution after 10 min holding time at
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about 583 °C. Both samples show dendritic structure and there is no sign of
globularization. It is also difficult to ascertain if a finer as-cast billet structure has
any effect on the kinetics of morphological changes as it is expected to be the case
due to higher driving force initiated from larger surface area for the finer structures.
Such conclusion required a full quantitative analysis which is beyond the scope of
this chapter. The measured area of the entrapped liquid is shown in Fig. 7.6.
Interestingly, the higher cooling rate here resulted in higher percentage of
entrapped liquid. This may be attributed to finer dendritic structure having larger
interfacial area which eventually results in higher number of liquid pools for faster
cooled sample for this specific reheating time/temperature.

7.2.3 Addition of Various Refiners

A comparison between unrefined and refined samples is shown in Fig. 7.7. Partial
remelting of B-refined alloy leads to the formation of a-Al globules with the added
bonus of uniform distribution of eutectic mixture. Polarized light micrographs
confirm that in the untreated and to some extent in Ti—B-treated samples, the
individual particles do not essentially initiate independently from different
nucleants and the concept of globule size measurement is not reasonable. Conse-
quently, the grain size measurement was done in the entire experiments as depicted
later in a graph, Fig. 7.8.

Untreated alloy has the largest grain size with nonhomogeneous size distribution
considering the span of its standard deviation bar in Fig. 7.8. The unique size
distribution relates to the B-refined alloy which shows the smallest standard devi-
ation. Economically, longer reheating time has shortcomings such as higher energy
consumption as well as nonuniform liquid distribution within the billet due to the
gravitational force. On a microstructural stand point, increasing the duration of
partial remelting leads to coarsening of primary a-Al globules as shown in Fig. 7.9
where the average circular diameter of globules was increased. However, it is
believed that for this experimental condition, increasing the sphericity and



320 7 Thixocasting

Fig.7.7 Polarized light micrographs showing the effectiveness of refiners (10 min reheating time,
583 °C) (a) A356, untreated, (b) A356 + 622 ppm Ti+ 110 ppm B, and (¢) A356 + 226 ppm B
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Fig. 7.8 Grain size variation according to treatment

globularity is much more important than the slight increase in the size of particles.
By having more spherical primary particles, the flowability improves and conse-
quently the viscosity decreases, Sect. 4.2.

Figure 7.10 compares the typical globule morphology of Ti/B and B-refined
samples. As confirmed by quantitative metallography, the entrapped liquid content
of B-refined sample is reduced by 4-5 times compared to the other samples (Fig. 7.11).
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7.3 Thixocasting of EMS Billets

Binary Al-7 % Si alloys (6.7-6.9 % Si and 0.8-0.81 % Fe) were prepared and cast at
two different cooling rates by pouring the molten metal in copper and sand molds at
various pouring temperatures. After EMS application, samples were cooled to room
temperature. For the experiments without stirring, the liquid was poured into the
same molds and allowed to air cool. For thixocasting (reheating to semi-solid
region), samples were cut from the transverse sections (200 mm from the bottom
of EMS billets), in areas between the billet center and wall, and were reheated in an
induction furnace. The reheating cycle included 2—3 min of heating up to 583 £ 3 °C
and 10 min holding time at this temperature followed by water quenching (about
38—40 % fraction solid according to ThermoCalc calculations). Temperature vari-
ation during the tests was monitored by attaching thermocouples to both the billet
center and the wall. More details were explained in Sects. 4.1.1.3 and 5.4.

7.3.1 Sand Mold

The polarized light micrographs in Fig. 7.12 show microstructural evolution due to
variant pouring temperatures, stirring application, and reheating for thixocasting
process (as-cast microstructures of these samples were presented in Chap. 5,
Fig. 5.31). During isothermal holding, the eutectic is remelted while the primary
a-Al phase ripened. There is also a driving force toward reduction of interfacial area
between liquid and primary o-Al particles which in optimum condition leads to
globularization.

Conventional samples with high pouring temperatures preserved their coarse
dendritic structure even after 10 min reheating time. The very coarse structure
seems to form a solid network with full 3D interconnections with a relatively high
proportion of intragranular liquid. Reducing the superheat results in the evolution of
the a-Al particles to rosette/equiaxed which elaborated in Sect. 5.4. By EMS
application and consequent fragmentation of primary dendrites, the as-cast struc-
ture is well suited for additional morphological changes (spheroidization) through
reheating process and encapsulation of the liquid phase by becoming mostly
intragranular. Globule size is a bit larger within the high superheated samples but
its size is reduced by lowering the superheat which is associated with the higher
number of favorite nucleation sites, thermal and solute convection, and fragmenta-
tion of primary dendrites.

As described in Sect. 4.3, there is a difference between globule and grain
size. Globules are primary particles which are apparently detached from each
other however by applying a polarized light; it is evident that the neighbouring
individual particles might have a connection from underneath of the plane
of polished surface. As a result, similar color adjacent globules specify a
particular grain. By this method, grains could be differentiated from globules and
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a

Fig. 7.12 Polarized light micrographs showing the effect of pouring temperature (690 °C “a, b”,
660 °C “c, d”, and 630 °C “e, f”’) and stirring on the grain and globule size variations in the sand
mold casting (samples reheated at 583 °C for 10 min); (a), (c), and (e) conventional and (b), (d),
and (f) EMS-stirred

Fig. 7.13 shows measured particle size of conventional and EMS reheated samples
(particle size measurement by image analysis excluded all the entrapped eutectic
areas). It is worth noting that the concept of globule size measurement in conven-
tional cast samples is not completely valid which is associated with the errors
related to the sectioning of dendritic branches as described in Sect. 4.3.
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Fig.7.13 Grain/globule size measurements in sand mold thixocast (a) conventional and (b) EMS-
stirred samples (the numbers on X-axis are pouring temperatures of the billet) [4]

For conventional thixocast samples, the primary a-Al morphology is identical to
the conventional cast samples (Figs. 5.31 and 7.12), although growth is noticeable
due to reheating process. As a result, there is not much difference between the
average grain size values (Figs. 5.34 and 7.13). In the EMS thixocast graph,
Fig. 7.13b, both the grain and the globule sizes are presented. In contrast to the
conventional samples, there is no sudden reduction in grain size and the values of
globule size have a considerable difference from grain size values.

Agglomeration of primary particles are evident by examining the microstructure
at higher magnifications, see for example Fig. 7.14. As it is clear, the particles
become interconnected by solid necks and spheroidized by material transport
specifically through the neck area which has a negative radius of curvature. These
agglomerates are formed due to the sintering processes being activated with
prolonged holding time (may be referred as coalescence ripening). Longer holding
time and resultant agglomeration may encapsulate the eutectic mixture inside and
form entrapped liquid area.

Selected results of image processing are presented in Fig. 7.15. By lowering the
pouring temperature from 660 to 630 °C, average globule size reduced by ~15 %.
Superheat reduction promotes the equiaxed particles formation with the added
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Fig. 7.14 Sintering of globules, EMS billets poured at (a) 690 °C and (b) 630 °C (sand
mold, samples reheated at 583 °C for 10 min)

bonus of more nucleation sites as proven by the primary a-Al number density which
is increased abruptly at 630 °C (Fig. 7.15a).

The as-cast structure is a function of pouring temperature and the greater the
superheat, the structure is more dendritic. This concept is quite clear in the form of
percentage of the primary a-Al particles having certain aspect ratio. By lowering
the pouring temperature in conventional samples, the concentration of particles
with an aspect ratio >2 decreases (Fig. 7.15b). The lowest amounts of primary
particles with aspect ratio >2 were observed in EMS billets with a reasonable
difference to that of the reheated conventionally cast samples.

By decreasing the pouring temperature, particles become more spherical and as a
result, percentage of particles having sphericity values greater than 0.8 increases.
Comparing the conventional and EMS-treated samples, it is clear that the percent-
age of particles having sphericity >0.8 is higher for EM stirred samples. In
rheological studies, more spherical particles results in lower viscosity (Sect. 4.2)
which is expected to induce better flowability and filling of the die cavity during
high pressure diecasting.

Entrapped liquid has an impact on the viscosity of the semi-solid slurries and less
entrapped liquid results in better fluidity [5—7]. Conventionally cast samples have a
tendency to entrap the liquid which is normal in dendritic structure. Casting the
billets with high superheat leads to a complex and massive dendritic structure which
could encapsulate a portion of the liquid formed during reheating. Accordingly by
superheat reduction, the structure tends to form rosette/equiaxed primary a-Al
particles with less probability of liquid entrapment. In the case of EMS samples,
the structure not only transforms to globules but also contains the least entrapped
liquid, Fig. 7.16.

It is observed that the majority of entrapped liquid in the EMS samples initiates
from liquid encapsulation by the surrounding globules, while for conventional
samples, the main source is the liquid between secondary or tertiary dendrite
arms. This notion is depicted in Fig. 7.17 for billets poured at 690 °C. This may
have some effect on the homogeneity of entrapped liquid where a more uniform


http://dx.doi.org/10.1007/978-3-319-40335-9_4

326

Fig. 7.15 Image analysis
results from various pouring
temperatures/application

of EMS, sand mold
thixocast [4]

Fig. 7.16 Entrapped liquid
measurement, sand
thixocast [4]
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composition is expected for the entrapped liquid for EMS thixocast billets. Con-
ventionally cast thixo billets have entrapped liquid that is more characteristics of

the interdendritic segregation.
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Fig. 7.17 Entrapped liquid in billets poured at 690 °C (a) conventional and (b) EMS (numbers
show the globules and arrows show the liquid pockets)

7.3.2 Copper Mold

Figure 7.18 shows the microstructural evolution of copper mold cast samples by
reheating at ~583 °C. Conventional thixo structures have dendritic morphology
characterized by continuous solid network and liquid pockets. In contrast to the
sand mold cast billets, casting in copper mold leads to thinner dendrite branches and
smaller dendrite arm spacing (DAS). Lowering the pouring temperature results in
rounder and more isolated particles with least entrapped liquid (Fig. 7.18a, c, e).
EMS-reheated structures, however consist of almost all globules with an average
size of about 100 pm even at higher superheats. The globules are well distributed
within the eutectic network and nearly all the eutectic liquid pools are intergranular
(Fig. 7.18b, d, 1).

The trend of grain size values for the reheated conventional samples is similar to
that of the as-cast structure (Fig. 5.40) including the direct relation to the pouring
temperature (Fig. 7.19a). Comparing the grain/globule size values for sand and
copper mold billets shows that by stirring, the grain/globule size values are getting
closer, indicating almost independent relationship to the casting condition. In other
words, the application of EMS diminishes the importance of the cooling rate and
pouring temperature which could control the globule and grain size during
reheating.

As mentioned in Sect. 4.3.1, sintering and coalescence of particles are parts of
isothermal holding. Figure 7.20 shows typical sintering incidents in copper cast
samples.

The process of globularization and refinement of the primary a-Al particles are
shown in Fig. 7.21. In EMS samples, the average globule size reduces by lowering
the pouring temperature. Interestingly, the rate of globule size reduction is lower
than the sand mold cast specimen while the increasing rate of number density is
higher indicating the importance of the as-cast structure.
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Fig. 7.18 Polarized light micrographs showing the effect of pouring temperature (690 °C “a, b”,
660 °C “c, d”, and 630 °C “e, ) and stirring on the grain and globule size variations in the
copper mold casting (samples reheated at 583 °C for 10 min) (a), (c), and (e) conventional and (b),
(d), and (f) EMS-stirred

The aspect ratio exhibits the same trend as sand cast samples, and the percentage
of particles with aspect ratio >2 decreases with decreasing pouring temperature in
both conventional and EMS samples; however, the reduction rate is higher for
conventional samples. In fact, during the reheating process, an initial higher cooling
rate (copper mold) results in the billets having greater potential for microstructural
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Fig. 7.19 Grain/globule size measurements in copper mold thixocast (a) conventional and (b)
EMS-stirred samples (the numbers on X-axis are pouring temperatures of the billet) [4]

a b

Fig. 7.20 Sintering of globules, EMS billets poured at (a) 690 °C and (b) 630 °C (copper
mold, samples reheated at 583 °C for 10 min)

evolution, that is, larger interfacial area, and this is evident by comparing the
results, Figs. 7.15 and 7.21. By lowering the superheat, the percentage of particles
with sphericity value greater than 0.8 increases and the maximum value belong to
EMS and lower superheated samples. In addition, the sphericity values are greater
in comparison to the sand mold cast samples.
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According to Loué and Suéry [1], during partial remelting, coarsening first
proceeds predominantly through coalescence of dendrite arms. As the dendrite
arms of the same grain have a perfectly matching crystallographic orientation,
this results in high quantity of intragranular liquid which depends on the cooling
rate. In the case of EMS samples, the coalescence of short dendrite arms leads to
almost globular structure with a smaller amount of liquid pocket. The formation of
spherical particles could be assisted by lowering the pouring temperature and thus
having higher probability of equiaxed grains formation. Figure 7.22 illustrates the
concept within the copper cast structures with high superheat value.

Comparing the micrographs with those of sand mold structures suggests that the
percentage of liquid encapsulation in the conventional castings is also dependent on
the cooling rate and it is higher for lower cooling rate. Quantitative results also
reveal that cooling rate has a key role to play on the liquid encapsulation and its
percentage is higher for lower cooling rates. In general, higher cooling rate during
solidification leads to more uniform (less standard deviation) liquid entrapment
throughout the sample. It is worth noting that the efficiency of EMS in refining the
structure becomes more noticable at lower cooling rate during solidifica-
tion (Figs. 7.16 and 7.23).
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Fig. 7.22 Copper mold samples, poured @690 °C (a) as-cast, conventional, (b) as-cast, EM
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Solidification time has an impact on partial remelting procedure. Basically, the
driving force for the microstructural evolution within the mushy zone is the
reduction of the interfacial area between liquid and solid. This could be estimated
by the area to perimeter ratio. In fact, as mentioned in Sect. 4.3, this factor has an
inverse relationship with the specific surface area per unit volume of the particles,
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S,. In dendritic solidification, higher values of P (total solid—liquid interface length)
resemble a structure with more dendrite branches. Solid-liquid interfacial length
mainly depends on the solidification of the alloy. For instance, the higher cooling
rate of copper mold samples leads to lower dendrite arm spacing and finer second-
ary and tertiary branches and therefore the interface boundary of the eutectic-
primary particles increases.

The effectiveness of A/P ratio in expressing the morphological changes in the
as-cast structure during thixocasting (reheating at 583 °C for 10 min) for different
cooling rates and application of EMS is given in Fig. 7.24. In conventional casting
method, copper cast samples have a shorter solidification time which leads to a finer
and more highly branched dendritic structure and therefore the A/P is smaller. In the
same condition, lowering the superheat results in an equiaxed structure which
during isothermal holding transforms to a globule/rosette structure. Similarly,
higher cooling rate results in finer particles with smaller value of A/P (Fig. 7.24a).

Electromagnetic stirred billets exhibited a similar trend. The higher cooling rate
of the copper mold leads to smaller dendrite size, and when coupled with stirring,
results in greater percentage of fragmented dendrites with better distribution within
the bulk liquid. A shorter solidification time also results in a limited growth with the
eventual structure containing globules with smaller size compared to those of the
sand mold billets (Fig. 7.24b). It is worth noting that the correlation between A/P
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Fig. 7.24 Evolution of A/P ratio as a function of pouring temperature and stirring (triangles and
circles for sand and copper molds cast samples, respectively) [4]
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Fig. 7.25 Correlation between grain and globule size in EMS samples [4]

and application of EMS is not significant for either sand or copper molds at higher
casting temperatures, 660 and 690 °C, but when temperature drops the effect of
EMS on A/P ratio becomes more pronounced which is an indication of smaller
particle size.

There is a direct correlation between grain/globule sizes and macro/microstruc-
tural evolution. The trend is shown in Fig. 7.25 where the smaller the grain size, the
smaller is the globule size. This concept becomes complicated if one fails to
differentiate between the globule and grain distinction as mentioned in Sect. 4.3.

7.3.3 Grain Refining/EMS: the Premium Choice

In Sect. 5.4, it was confirmed that electromagnetic stirring leads to fragmentation of
primary phase and consequently homogeneous distribution of broken a-Al particles
within the billets. A question may be raised on the influence of the refiner and
vigorous agitation by EMS and whether it is favorable or not. In order to examine
the benefit of grain refinement during EMS process, boron was selected as the
refining agent and two series of tests were performed within the sand mold, with and
without EMS application as explained in Sect. 4.1.1.3. Different pouring temper-
atures of 660 and 630 °C were examined and for refining objective, about 220 ppm
boron was added using Al-5 % B master alloy with the final composition of Al
(balance), 6.87 % Si, 0.84 % Fe, and 0.022 % B.

Figures 7.26 and 7.27 compare the resulting morphological evolution due to the
boron addition/EM stirring. The primary a-Al phase has a fully columnar (den-
dritic) structure in the untreated sample and transforms to equiaxed morphology
with the boron addition. This is evident in samples cast at higher superheat, for
example, comparing Fig. 7.26a, b. However, when pouring temperature is
decreased, the structure transforms to equiaxed, but finer and more spherical
particles are achieved by refining process (comparing Fig. 7.27a, b). By stirring,
the refining process is improved as revealed in the polarized light micrographs of
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Fig. 7.26 Effects of boron addition/stirring on the formation of primary particles (sand cast,
poured at 660 °C) (a) unstirred, unrefined, (b) unstirred, refined with ~220 ppm B, (¢) EM stirred,
unrefined, and (d) EM stirred, refined with ~220 ppm B

Figs. 7.26d and 7.27d for both pouring temperatures. The EM stirred samples show
smaller and more compacted (denser) primaries.

As the pouring temperature decreases, the rate of heat extraction from the mold
walls reduces and therefore a shallow temperature gradient within the bulk liquid is
established (Sect. 5.2). Such temperature gradient encourages the formation of
smaller primary particles with better distribution and thus more equiaxed particles
will form. This concept is clearly shown by grain size measurement in Fig. 7.28a.
By decreasing the pouring temperature from 660 to 630 °C, average grain size is
reduced by a factor greater than 3. On the other hand by boron refining, nucleation
sites increases drastically, so-called copious nucleation mechanism, and therefore
smaller and more equiaxed particles were formed. It is worth mentioning that the
refining impact is more pronounced in the case of higher superheats while by
lowering the superheat, the shallow temperature gradient has a main contribution
and as a result, the reduction in size consists of two elements which one over-
shadows the effect of the other (comparing ~72 % to ~56 % reduction in size for
660 °C and 630 °C, respectively).
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Fig. 7.27 Effects of boron addition/stirring on the formation of primary particles (sand cast,
poured at 630 °C) (a) unstirred, unrefined, (b) unstirred, refined with ~220 ppm B, (¢) EM stirred,
unrefined, and (d) EM stirred, refined with ~220 ppm B

As described in Sect. 5.4, vigorous agitation leads to fragmentation of primary
particles and the final structure is fully equiaxed. Grain size measurement
(Fig. 7.28b) confirms that in the case of stirring, refiner addition is less prominent
in comparison with the conventional casting, that is, stirring overshadows grain
refinement.

7.3.3.1 Thixocasting of the Refined EMS Billets

Effects of isothermal holding on the aforementioned samples (Sect. 7.3.3) are
shown in Figs. 7.29 and 7.30. The following points are noticeable:

e Generally, the lower the pouring temperature, the better is the results of
thixocasting process. Better distribution (isolated particles) and equiaxed mor-
phology before isothermal holding are the controlling parameters for rounder
and smaller particles. This is clear through comparison of Figs. 7.29 and 7.30.

» Refining process results in the formation of more uniform equiaxed particles
having less energy barrier for conversion to spherical particles through isother-
mal holding. During thixocasting, particles tend to reduce their energy level by
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Fig. 7.28 Correlation between grain size variation and process parameters (grain refiner/stirring)
(a) without stirring and (b) EM stirred

decreasing their surface area through transformation to most appropriate form
(morphology) which is sphere (globule).

¢ Addition of refiner results in more potent sites for nucleation process rendering a
larger number of particles per unit volume (number density of primary particles
increases). This is apparent both in unstirred and stirred samples and it is more
discernible at the lower superheats.

Figure 7.31 demonstrates the grain size evolution during the entire thixocasting
experiments. Results are in line with conventional cast and/or stirred samples.
Lower superheat and vigorous agitation lead to smaller and more isolated particles
which are then transform to globules during isothermal holding (coarsening of
primary particles is evident which is typical during isothermal holding).
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Fig.7.29 Effects of boron addition/stirring on the formation of primary particles (sand mold cast,
poured at 660 °C, reheated at 583 °C for 10 min) (a) unstirred, unrefined, (b) unstirred refined with
~220 ppm B, (¢) EM stirred, unrefined, and (d) EM stirred, refined with ~220 ppm B
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Fig. 7.30 Effects of boron addition/stirring on the formation of primary particles (sand mold cast,
poured at 630 °C, reheated at 583 °C for 10 min) (a) unstirred, unrefined, (b) unstirred refined with
~220 ppm B, (¢) EM stirred, unrefined, and (d) EM stirred, refined with ~220 ppm B



References 339

[

(e 660C 4 630C |
3000 ® 660C A 630C
Thixocasting
€ 2500+
2
S 2000+
»
c
‘@ 1500
S
S 1000
o
g
< 500 1
0 T
NoEMS GR+NoEMS

b e BEOC 4 630C |

500 ® 660C A 630C

\ Thixocasting

5 400
[0}
N
2] 300 1
f=
i<
(O]
G 200
(=]
o
100t -
<<

0 T

EMS GR+EMS

Fig. 7.31 Correlation between grain size variation and process parameters in thixocasting process
(sand mold cast, reheated at 583 °C for 10 min) (a) without stirring and (b) EM stirred

References

1. W.R. Loue, M. Suery, Microstructural evolution during partial remelting of Al-Si7Mg alloys.
Mater. Sci. Eng. A A203, 1-13 (1995)

2. Q.Y. Pan, M. Arsenault, D. Apelian, M.M. Makhlouf, SSM processing of AIB2 grain refined
Al-Si alloys. AFS Trans. 112, (2004), Paper 04-053

3. H. Wang, C.J. Davidson, D.H. St John, Semisolid microstructural evolution of AlSi7Mg alloy
during partial remelting. Mater. Sci. Eng. A368, 159-167 (2004)

4. S. Nafisi, R. Ghomashchi, Microstructural evolution of electromagnetically stirred feedstock
SSM billets during reheating process. J. Metallogr. Microstruct. Anal. 2(2), 96-106 (2013)

5. D.H. Kirkwood, Semi-solid metal processing. Int. Mater. Rev. 39(5), 173-189 (1994)

6. Z. Fan, Semisolid metal processing. Int. Mater. Rev. 47(2), 49-85 (2002)

7. M.C. Flemings, Behavior of metal alloys in the semi-solid state. Metal. Trans. A 22A, 952-981
(1991)



Chapter 8
Commercial Applications of Semi-Solid
Metal Processing

Stephen P. Midson

Abstract The commercial applications of SSM processes are detailed in this
chapter. The lower energy consumption along with longer die life and less expen-
sive tooling make the SSM processes quite attractive to manufacturing industry. In
this chapter, few applications in fabrication of a range of engineering components
are introduced to highlight the practicality and cost-effectiveness of SSM processes.
The findings are expanded into thixomolding to further justify the suitability of
SSM processes for light metals such as Al and Mg alloys.

8.1 Introduction

The commercial appeal of semi-solid casting is that it combines many of the
advantages of conventional high pressure die casting (high productivity, low cost,
thin walls, excellent surface finish, and close dimensional tolerances) with a
combination of excellent mechanical properties and outstanding pressure tightness.
This allows semi-solid castings to be used in safety-critical and pressure-sensitive
applications. As described in previous chapters of this book, semi-solid castings
achieve this high level of performance by minimizing casting defects through a
combination of utilizing a viscous semi-solid feed material that provides high levels
of control during die filling, with very high pressures (>15,000 psi, in excess of
100 MPa) that are applied to minimize (or eliminate) solidification shrinkage as the
castings solidify.

Over the past 20 years or more, there have been numerous commercial applica-
tions of semi-solid castings around the world, utilized in a wide range of markets
such as automotive, aerospace, motorcycles, bicycles, electronics, defense, and
sporting goods. These applications of semi-solid castings can generally be classified
into the following categories:

(a) High quality aluminum castings
(b) Improved quality aluminum die castings
(c) Magnesium alloy castings
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Although there has been extensive research on the semi-solid casting of the
higher melting temperature metals such as copper alloys and steels, there have been
few commercial applications, mainly due to the limited die life obtained with these
types of alloys.

The objective of this chapter is to provide a brief review of the range of
commercial applications for semi-solid castings, list typical mechanical properties
for both aluminum and magnesium alloys, and show some examples of commercial
semi-solid castings. Similar to all fabrication processes, components produced by
semi-solid casting shift in and out of commercial production as manufacturers
continually revise and modify their product ranges. Therefore, rather than
attempting to list semi-solid cast components that are currently in production,
which is frequently difficult due to the proprietary concerns of both casters and
end users, this chapter reviews notable components that have been produced by
semi-solid casting over the past 20 years or so.

8.2 High Quality Castings

These types of high quality semi-solid castings are normally produced from pri-
mary aluminum alloys such as A356, 357, and 319S, and are typically produced
using high solid fraction semi-solid slurries, utilizing a solid content of about 50 %.
The nominal chemical compositions of these three alloys are listed in Table 8.1.
Handbook mechanical property data for the three alloys after heat treating to
either the T5 or T6 tempers are listed in Tables 8.2 and 8.3, respectively [1]. TS heat
treating involves water quenching the castings immediately after ejection from the

Table 8.1 Nominal Element* A356 357 3198
composition (wt%) of Silicon 6.5-7.5 6.5-7.5 5565
aluminum alloys commonly S S =
used for semi-solid casting [1] Iron 0.20 0.15 0.15
Copper 0.20 0.05 2535
Manganese 0.10 0.03 0.03
Magnesium 0.25-0.45 0.45-0.60 0.30-0.40
Titanium 0.20 0.20 0.20
Strontium 0.01-0.05 0.01-0.05 0.01-0.05
Other (each) 0.03 0.03 0.03
Other (total) 0.10 0.10 0.10

Table 8.2 Handbook mechanical properties data for two semi-solid cast alloys after heat treating to
the TS temper (note that alloy 319S semi-solid castings are not normally used in the TS temper) [1]

0.2% YS UTS Elongation
Alloy MPa (ksi) MPa (ksi) (%)
357 200 (29) 283 (41) 8
A356 179 (26) 248-269 (36-39) 7-10
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Table 8.3 Handbook 02% YS UTS Elongation

mechanical p.rope.rtles data Alloy | MPa (ksi) MPa (ksi) (%)

for three semi-solid cast 357 283200 (4142) | 345 (50) 7-9

alloys after heat treating to

the T6 temper [1] A356 | 228-234 (33-34) |303-310 (44-45) |[12-13
3198 317 (46) 400 (58) 5

Fig. 8.1 Examples of high quality semi-solid castings. (a) Aftermarket automobile wheel pro-
duced by SSR [3], (b) suspension component produced by Stampal for Alfa Romeo [3], (¢) master
brake cylinder [3], (d) fuel rail [4], (e) turbocharger impeller produced by ACC for Cummins
Turbo Technologies [5]

casting die, followed by a low temperature aging treating. Historically, many semi-
solid castings have been used in the TS5 temper, as unlike many other casting
processes, the TS temper provides a good combination of strength and ductility
for semi-solid casting, especially when considering the low cost and simplicity of
this heat treatment. However, in recent years, more and more semi-solid castings
are being given the full T6 heat treatment (solution heat treatment, water quench,
and low temperature age) as this maximizes mechanical performance (see
Table 8.3). Since surface blistering of the castings during the high temperature
solution heat treatment can be an issue during T6 heat treating, the caster has to take
care to optimize their process to minimize air entrapment during die filling, and to
utilize sleeve and die lubricants that do not promote blistering [2]. Figure 8.1 shows
some examples of high quality semi-solid castings.
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Fig. 8.2 Sections through impellers showing lack of porosity [5]; (a) Machined surface, (b)
Machined and penetrant tested (viewed under ultraviolet light)
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Fig. 8.3 Fatigue data for castings, forgings, and semi-solid castings [5]

Information has been recently published on the production of the alloy 319S
semi-solid cast impeller shown in Fig. 8.1e [5]. Fatigue performance is especially
important for turbocharger impellers, and porosity as small as 50 pm can reduce
fatigue life [6], and so to ensure that the impellers were indeed porosity free, testing
involved sectioning the impellers and abrading the machined surfaces using
600-grit paper followed by macroetching to remove aluminum smeared on the
machined surface. The prepared surfaces were then penetrant tested to ensure that
porosity as small as 50 pum were not present. Figure 8.2a shows the sectioned
surface, whereas Fig. 8.2b shows a photograph viewed under ultraviolet light of a
penetrant tested surface, showing the lack of porosity or other defects in the semi-
solid cast impeller.

The fatigue life of the 319S alloy impellers was measured on samples machined
from semi-solid castings and compared with samples produced by conventional
casting or produced by forging [5]. Figure 8.3 shows that the fatigue life of the
semi-solid casts material was significantly higher than conventional castings
(including high strength alloy 206), and in fact was comparable to the wrought
aluminum alloy 2618.
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Cast Aluminlum |

SSM Aluminium

P

Life {cyclesi

Cumulative Distribution Function (%)

'MFS Aluminium

Fig. 8.4 Comparative fatigue life of cast, SSM, and forged + machined (MFS) impellers [7]
(reprinted by permission of Taylor & Francis Ltd)

Fig. 8.5 (a) Electrical connectors produced from wrought alloy 6262 [8], (b) Brake caliper for
motorcycle, cast from 6061-T6, color anodized (courtesy of GISSCO Co., Ltd, Thailand)

Results from a functional test were also reported [7]. The actual fatigue life is
proprietary, but the data in Fig. 8.4 shows that semi-solid cast impellers were
significantly better than castings produced via conventional casting methods, and
again the fatigue life of these semi-solid castings was comparable to the wrought
alloy 2618.

Another potential approach for the production of high quality semi-solid castings
is through the use of silicon-free casting alloys (2xx) and wrought alloys (2xxx,
6xxx), as these types of alloys generally have better mechanical properties than can
be achieved with conventional foundry alloys. These alloys are only infrequently
produced by conventional casting as they suffer from poor resistance to hot tearing,
but it is well known that semi-solid casting significantly reduces the tendency for
hot tearing [5], and some commercial semi-solid castings have been produced from
these types of alloys. Figure 8.5a shows electrical connectors semi-solid cast from
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wrought alloy 6262 [8], whereas Fig. 8.5b shows a brake caliper for a motorcycle,
cast from wrought alloy 6061, heat treated to the T6 temper, and color anodized.
One advantage of the low-silicon wrought alloys is that excellent colors can be
produced by anodizing after casting.

8.3 Improved Quality Die Castings

The semi-solid casting processes can also be used for the production of improved
quality die castings. These are typically produced using a lower solid fraction of
20-30 % (70-80 % liquid). Conventional die castings can contain significant levels
of residual porosity, but castings produced using low solid fraction rheocasting
processes have been reported to reduce (but generally not eliminate) this residual
porosity [3]. These types of low solid fraction castings generally employ the same
turbulent die filling conditions as used by conventional die castings, so the gener-
ation of an extremely high quality semi-solid slurry is not of primary importance.
Instead, when choosing a semi-solid casting process to produce higher quality die
castings, probably the most significant aspects are simplicity of the process used to
produce the slurry, and low capital costs of the equipment. Figure 8.6 shows some

Fig. 8.6 Examples of semi-solid castings used to replace conventional die castings. (a) Diesel
engine block produced by Honda [9]; (b) oil pump filter housing [10], and (c) heat sink produced
by AMAX [3]
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Table 8.4 Parameters for the oil pump filter housing produced by semi-solid rheocasting [10]

Parameter Unit Die casting SSR
Casting shot weight kg 6.5 6.5
Furnace temperature °C 720 640
Pouring temperature °C 720 588
Cycle time s 120 86-90
Solidification time S 30 28

First phase velocity ms™! 0.25-0.30 0.36
Second phase velocity ms™! 2.03-2.54 N/A
Final metal pressure (intensification) Bar (MPa) 1000 (100) 800 (80)

examples of low solid fraction semi-solid castings used to replace conventional die
castings.

The oil pump filter housing shown in Fig. 8.6b was originally designed as a
gravity casting (which accounts for the thick walls), but was converted to a die
casting. The thick walls created problems with porosity when produced by conven-
tional high pressure die casting, and the machined castings required impregnation.
Porosity was significantly reduced (but not eliminated) after conversion to a low
solid fraction semi-solid casting process (semi-solid rheocasting-SSR), eliminating
the need for impregnation. Table 8.4 compares process data for the oil pump filter
housing produced by both die casting and semi-solid casting.

8.4 Thixomolding

Thixomolding is a semi-solid process developed by Thixomat [11] and is used
exclusively for the production of castings from magnesium alloys [1]. Over the past
20 years or so, it has probably been the most commercially successful of all the
semi-solid processes. Thixomolded components are generally produced from the
three magnesium alloys listed in Table 8.5, and the casting are normally used in the
as-cast (unheat treated) condition. Published mechanical properties for
thixomolded components produced from the three magnesium alloys are listed in
Table 8.6.

Thixomolded components have been used in a range of markets, including
automotive, consumer electronics and consumer hardware applications as varied
as automotive shift cams, notebook computer cases, digital camera bodies, and
chain saw housings. Figure 8.7 shows a number of commercial examples, and many
of these examples include extremely thin-walled components used in electronic or
electrical applications.

Some additional thixomolded magnesium components are described below.
Figure 8.8a shows an example of a drive gear. Six separate components
thixomolded for a projector are shown in Fig. 8.8b—three of the parts make up
the external case, whereas the other three are internal structural members.
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Table 8.5 Nominal
compositions (Wt%) of
magnesium alloys used for
thixomolding [1]

Table 8.6 Handbook data for
thixomolded magnesium
castings in the as-cast
condition [1]

8 Commercial Applications of Semi-Solid Metal Processing

Element AZ91D AM-50 AM-60
Aluminum 8.3-9.7 44-54 5.5-6.5
Zinc 0.35-1.0 0.22 (max) 0.22 (max)
Manganese 0.15-0.50% 0.26-0.6* 0.24-0.6*
Silicon 0.10 (max) 0.10 (max) 0.10 (max)
Tron 0.005* 0.004* 0.005*
Copper (Max) 0.030 0.010 0.010
Nickel (Max) 0.002 0.002 0.002
Others (Total) 0.02 0.02 0.02
Magnesium Bal. Bal. Bal.

“If either of the minimum manganese limit or the maximum iron
limit is not met, then the iron/manganese ratio shall not exceed
0.032 for AZ91D, 0.015 for AM-50 and 0.021 for AM-60

02% YS UTS Elongation
Alloy MPa (ksi) MPa (ksi) (%)
AZ91D 159 (23) 234 (34) 3-6
AM-60 124 (18) 221 (32) 6-13
AM-50 131 (19) 221 (32) 6-9

Fig. 8.7 Examples of magnesium alloy thixomolded components (courtesy of Thixomat Inc., and

Japan Steel Works)
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Fig. 8.8 Thixomolded components produced for several different applications. (a) Drive gear, (b)
mini-projector, and (¢) components thixomolded for a motorcycle, AM60 (courtesy of Thixomat
Inc., and Japan Steel Works), (d) plate replaced a stamped part (courtesy of Phillips-Medisize
Corp.)

Thixomolding was used to provide control of critical dimensions, dimensional
stability, and alignment of the various components. Figure 8.8c shows parts
thixomolded for a US-manufactured motorcycle. Figure 8.8d is a thixomolded
magnesium part which replaced a stamped component.
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Appendix A
Mathematical Solutions For Non-Newtonian
and Newtonian Fluids [1]

The deformation behavior of non-Newtonian fluids squeezed between two large
parallel plates, when considered in cylindrical coordinates, are expressed by the

following equation [2]:
n—1
ov,
—-— A.l
(5) (A1)

where v, is the radial velocity and m and n are the material constants. Assuming

ov,
0z

Tz = —

steady state deformation, aa—‘[ = 0, and the fact that the reduction in height is rather
negligible during steady state deformation in contrast to deformation in radial
direction, the normal velocity of flow v,, can be neglected in comparison with the
radial velocity, v,. Also assuming circular symmetry, vy is zero. With these
assumptions, the basic equations for the flow field become,

.. 10 ov.
Continuity . (rv) + 5 0 (A.2)
oP 0 ov\"
Momentum L (— a—vz (A.3)
oP
—=0 A4
3 (A4)
With the boundary conditions
ov,
2=0: a—vz(r,o):O (A.5)
h h dh h
= — - L — = — r y = = A
=5 V4<I,2> i v(r 2) 0 (A.6)
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r=0: vi(0,2) =0 (A7)
r=R P(R) =Py (A.8)

Equation (A.4) means that P (momentum) is independent of z. Hence integrating
(A.3) twice with respect to z, yields:

1dP\ /" B\
= (=] Inf 1 [ LdX w _ (n+1)/n A.
=00 (n—l—l) <m dr) x [(2) ? (4.9)

With integrating the continuity (A.2) over z:

5 h/2
dh 2
E = —; E 7 J V,-dZ (AIO)
0
Integrating (A.10) over (r), results:
h/2
- dh
’——z—zj y,dz (A.11)
2 dt

0

Substituting (A.9) in (A.11) and integrating the pressure gradient so obtained gives:

m n
P—Py= (n+1>(—1) !
2n+1 h ~l@nt 1)/ dh ’ n+1 n+1
X {( n )(2> 5 ("t =R (A.12)

Here, R is radius of the specimen at time, 7. Integrating over the surface of the plates
gives:

W om\ 20+ 1\ (B e gy
F=(-1) <n+3)7rR +3><{< ” ><§> R (A.13)

Since the fluid does not completely fill the space between the plates, R varies with
time, t. However since the volume of the work piece remains unchanged during
deformation, that is, R*h = R2h,, and letting d, = 2R, (A.13) may be rewritten as
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1/n
dh 2 \" 4F 3 el St
_dt_{<2n+1> m(nH)} oo glse /2 (A 1
It
m \" 4F o
k=4 (=) g3 A5
{<2n+1> ndg+3m(”+ )} (A.15)
Thus
_% — khg—[(n+3)/2n]h[5(n+l)/Zn] (A16)

Integrating from h=h, at t =0

(3n+5)/2n (3n+5)/2n
<l> _ (i) _ (3” + 5>/<h0[<"+3>/2"h (A.17)
h h, 2n

If n=1, m becomes equal to 5 according to the power law equation and (A.17)
reduces to equation (4.29) in the text.

Rewriting (A.17) yields:

h, 3 5 2n/(3n+5)
2 {1 + ( nt >h0<”“>/"kt} (A.18)

2n

This is a modified form of the condition where the fluid does not fill the space
between the plates.

. . . . _ h .
Assuming the engineering strain e = (1 — h—) results:

3 5 —[2n/(3n+5))
e=1- {1 + (n;)hn(”“)/”kt} (A.19)
n

Equation (A.19) is the theoretical strain—time curve for a power law fluid. From
this equation, the following is achieved:

2 3 5
log(1 — ¢) — _( " ) « log{l + (%)ho“*”/"kr} (A20)

3n+5

For 1 <« (%)ho(”m/ "kt, that is, at steady state deformation; after appreciable
deformation-long times, the (4.34) in the text is given as
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2n 2n 3n+5
log(1 — ¢) = — log r — (=" Viog( 2 pe0ime ) (21
og(l —¢) (311 n 5) 08! (3n n 5) °g< e (A.21)

The shear rate, y at any point (r, z) within the fluid is given by [3]:

- Ov,  2(dh/dr) (2n+1\ [ z \'/"
- _ === i - A.22
=T e TIAVT (4.22)
For n =1, this reduces to the following:
6rz dh
TR @ (A.23)

The average shear rate, )}av, obtained by integrating throughout the volume is
given as

o (R 2
Yav = = yrdrdz (A.24)
av V 0 0

Combining (A.23) and (A.24) yields:

R dh

Y in (A.25)

Yaw =

Rewriting (A.25), using V = zR*h gives the average shear rate quoted in the
text, (4.31).

_ %(‘;%‘i’) (A.26)

yav
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Appendix B
Lattice Disregistry Between Solid Al
and Inoculant Particle

As mentioned in Chap. 6, one of the main requirements for a particle to be an active
refiner is its atomic match with the new phase to form. This is defined by lattice
disregistry which is regarded as a controller for the effectiveness of a substrate for
heterogeneous nucleation. Lattice disregistry is defined as:

d,—d

0 = ™ % 100 B.1
- (B.1)

where d,, and d,, are the interatomic spacings of the particles and matrix, respec-
tively. The interatomic spacing is related to lattice parameter and type of crystal
structure. For aluminum with FCC crystal structure and a unit cell of @ =4.0494 A°
at 25 °C, an effective grain refiner should match with this lattice parameter.
Table B.1 shows some physical characteristics for the most common grain refiners
and their lattice disregistry. Porter and Easterling [1] divided the interfacial bound-
ary nature into three classes: coherent, semi-coherent, and incoherent. A coherent
interface arises when the two crystals match perfectly at the interface plane so that
the two lattices are continuous across the interface (Fig. B.1). With partial atomic
misfit across the interfacial area, it becomes more favorable to replace the interface
with a semi-coherent interface with a specified lattice disregistry (Fig. B.2). The last
case occurs when the interfacial plane has a very different configuration at the
interface. This condition results when the patterns are totally different or
interatomic distances differ more than 25 % (Fig. B.3).
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Table B.1 Some physical properties of grain refiner particles [2]

Disregistry

Particle Lattice parameter (A°) Density (g/cm3) Bravais system at 25 °C (%)

Al a=4.049 2.697 fce 0

TiB, a=3.030 4.495 hep 5.8
¢=3.229

TiAl; a=3.846 3.35 Tetragonal 5.02
c=28.59%4

AlB, a=3.005 3.1 hep 4.96
c=3.25

AlB |, a=10.17 2.55 Tetragonal 151
c=14.28

SrB¢ a=4.193 3.43 Cubic 3.546

Fig. B.1 A coherent

interface with slight

mismatch leads to a
coherency in the adjoining

lattices [1]

B
Fig. B.2 A semi-coherent a, I._ — D _i
interface. The misfit parallel
to the interface is
accommodated by a series a
of edge dislocations [1]
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Fig. B.3 An incoherent
interface [1]
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