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Preface

This book is a text on automotive materials, arising from presentations given
at the fifth Oxford—York—-Kobe Materials Seminar, held at the Kobe Institute
on 10-13 September 2002.

The Kobe Institute is an independent non-profit-making organization.
It was established by donations from Kobe City, Hyogo Prefecture, and
more than 100 companies all over Japan. It is based in Kobe City, Japan,
and is operated in collaboration with St. Catherine’s College, Oxford
University, United Kingdom. The chairman of the Kobe Institute Com-
mittee in the United Kingdom is Roger Ainsworth, master of St. Cathe-
rine’s College; the director of the Kobe Institute Board is Dr. Yasutomi
Nishizuka; the academic director is Dr. Helen Mardon, Oxford University;
and the bursar is Dr. Kaizaburo Saito. The Kobe Institute was established
with the objectives of promoting the pursuit of education and research
that furthers mutual understanding between Japan and other nations,
and to contribute to collaborations and exchanges between academics
and industrial partners.

The Oxford-York-Kobe seminars are research workshops that aim to pro-
mote international academic exchanges between the United Kingdom/
Europe and Japan. A key feature of the seminars is to provide a world-class
forum focused on strengthening connections between academics and indus-
try in both Japan and the United Kingdom/Europe, and fostering collabo-
rative research on timely problems of mutual interest.

The fifth Oxford—York-Kobe Materials Seminar was on automotive mate-
rials, concentrating on developments in science and technology over the
next ten years. The cochairs of the seminar were Dr. Hisashi Hayashi of
Riken, Dr. Takashi Inaba of Kobe Steel, Dr. Kimihiro Shibata of Nissan,
Professor Takayuki Takasugi of Osaka Prefecture University, Dr. Hiroshi
Yamagata of Yamaha, Professor Brian Cantor of York University, Dr. Patrick
Grant and Dr. Colin Johnston of Oxford University, and Dr. Kaizaburo Saito
of the Kobe Institute. The seminar coordinator was Pippa Gordon of
Oxford University. The seminar was sponsored by the Kobe Institute,
St. Catherine’s College, the Oxford Centre for Advanced Materials and
Composites, the UK Department of Trade and Industry, and Faraday
Advance. Following the seminar, all of the speakers prepared extended
manuscripts in order to compile a text suitable for graduates and for
researchers entering the field. The contributions are compiled into four
sections: industrial perspective, functional materials, light metals, and
processing and manufacturing.

vii



viii Preface

The first four and seventh Oxford—York-Kobe Materials Seminars focused
on aerospace materials in September 1998, solidification and casting in
September 1999, metal and ceramic composites in September 2000, nano-
materials in September 2001, and spintronic materials in September 2004.
The corresponding texts have already been published in the IOPP Series
in Materials Science and Engineering and are being reprinted by Taylor &
Francis. The sixth Oxford—York-Kobe Materials Seminar was on magnetic
materials in September 2003 and the eight Oxford—York-Kobe Materials
Seminar will be on liquid crystals in April 2008.
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Section 1

Industrial Perspective

Cars and automobiles are developing rapidly, with increasing global com-
petition between industrial manufacturing companies, and with increasing
social requirements for reduced noise and pollution, increased safety and
energy efficiency, higher performance, and, at the same time, reduced cost.
New materials and processing techniques are needed to underpin these
developments. The industrial scene, the key design drivers, and the emerg-
ing new materials and processing technologies are covered in detail in this
section.

Chapter 1 discusses the development of future vehicles and the associated
new materials for a wide range of automotive components, concentrating
on the importance of improved safety, reduced environmental damage, the
role of information processing, and the overarching need for cost-effective-
ness in a competitive market. Chapters 2 and 3 concentrate on more specific
issues. Chapter 2 describes the development of suitable aluminum alloys
and associated processing techniques to manufacture lighter body panels,
with improvements in energy efficiency, fuel savings, and performance.
Chapter 3 describes the development of a variety of different polymer com-
posites and their associated moulding techniques to make stronger and more
effective module carriers, which are used to allow rapid and cost-efficient
manufacture of complex multiple parts.
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Future Vehicles and Materials Technologies

Kimihiro Shibata
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Introduction

In the twenty-first century, cars should be designed and engineered to be in
harmony with people and nature. Environmental and safety issues today call
for technological improvements. Reduction of CO, emissions and improvement
of fuel economy can be achieved together with crashworthiness through con-
tributions made by material technologies. Besides improving mechanical prop-
erties and cost competitiveness, peripheral technical issues, such as forming
and joining technologies, and environmental performance, should be addressed
prior to the deployment of a new material. Cooperation among material sup-
pliers, parts suppliers and carmakers, or among carmakers themselves, in a
simultaneous or concurrent manner, is becoming more important than ever.
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Concept of car manufacturing:
Harmony of human beings, nature, and vehicles

Human beings

Harmonious
coexistence
e Environment

Important technical fields o Safety
o ITS

FIGURE 1.1
Concept of harmonization.

More than a century has passed since the automobile was invented, and the
environment surrounding the automotive industry has undergone a lot of
changes on countless occasions in the intervening years. Notable changes started
with the introduction of mass production technology that was established for
the Ford Model T series in the 1910s. After World War II, Japanese carmakers
resumed passenger vehicle production and began to pursue quality improve-
ments. The two oil crises in the 1970s promoted the development of low fuel
consumption technologies. Following the two oil crises, stricter exhaust emis-
sion regulations were enforced and intense competition to secure higher levels
of performance unfolded in the early 1990s. Since the latter half of the 1990s,
the focus has been on safety and environmental issues. In line with this pro-
gression, the concept of harmonious coexistence, which is striking a balance
among human beings, nature and vehicles, is expected to increase in importance
in vehicle manufacturing in the twenty-first century. Important technology
fields for achieving this harmonization are the environment, safety, and intelli-
gent transportation systems (ITS), as indicated schematically in Figure 1.1.

This chapter surveys the social conditions surrounding the automotive indus-
try. An overview of the history of automotive materials will then be given,
followed by a discussion of projected future trends in material technologies.

Environmental Issues

Protection of the global environment, which includes conservation of resources,
is a pressing issue. Figure 1.2 shows the increase over the last 50 years in the
global number of vehicles.! In 1950, 70 million vehicles were on the road in
relation to a world population of 2.4 billion people. By 2000, the number of
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8.4 billion Global
population
6.0 billion /
200 milli 1.4 billion Vehicl
(2.4 billion) million; ____—— Vehicles
(70 million) — |
1950 2000 2025

FIGURE 1.2
Number of vehicles and global population.

vehicles had increased to 700 million, while the world population had grown
to 6 billion. In other words, the number of vehicles increased tenfold over
the last 50 years of the twentieth century: It is estimated to double to 1.4 billion
by 2025. With this increase in the number of vehicles, oil consumption has
continued to rise, and environmental issues have become more serious.
The possibility has been pointed out that global oil production might peak
in the year 2015 and begin to decline after that.> Therefore, there are strong
demands for the conservation of oil resources. Countries around the world
have adopted standards that regulate the allowable levels of hydrocarbons
(HC), carbon monoxide (CO), and nitrogen oxides (NO,) in vehicle exhaust
gas. These exhaust emission regulations will be further tightened in the future.
Furthermore, carbon dioxide (CO,) in exhaust emissions has been singled out
as one of the causes of global warming. The Kyoto Protocol set targets for
reducing CO, emissions. To achieve the targets set for Europe, the United
States, and Japan in 2010, the CO, emission level of cars with a gasoline engine
needs to be reduced by 6%—8% compared with 1995 models. This means that
their average fuel economy must be improved by 25%,® as shown in Table 1.1.

TABLE 1.1
COP3 Targets for Reducing CO, Emissions and Improving Fuel Economy?

CO, Reduction
(vs. 1990)*1 Fuel Economy

Passenger car with gasoline engine: improved by 23%
(by 2010 vs. 1995) 15 km/L

Japan 6% Passenger car with diesel engine: improved by 15%
(by 2005 vs. 1995) +12 km/L
o Passenger vehicle: improved by 25%
Europe 8% (by 2008 vs. 1995) CO,:140 g/km
USA 79 Passenger car CAFE target: 27.5 mpg

(after 1990) (PNGP project is under way.)

1 Period: 2008-2012.
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These targets were ratified in 2002, with the exception of the United States,
and vigorous steps are being taken to improve vehicle fuel economy.

Safety

In order to improve the safety of vehicles, information safety for preventing
accidents in addition to crash safety is becoming more important, as shown
in Figure 1.3. In the course of developing technologies for improving crash
safety, traffic accidents are reproduced and analyzed. The results of these
analyses have been applied to develop new crash safety technologies, such
as an automatic braking system for reducing the collision speed, and an
emergency stopping system. In the area of information safety, advanced
safety vehicles and advanced highway systems are being developed using
sophisticated technologies like intelligent vision-sensing and car-to-car com-
munication systems.

In recent years, the results of car crash tests conducted under a new car
assessment program (NCAP) in various countries, as well as the accident
rates of individual car models, have been disclosed. Such data are usually
considered in the determination of car insurance premiums. Due to
stricter safety regulations and the disclosure of information regarding
safety, consumers are more concerned about safety today than ever before.
Based on analyses of traffic accidents, the new car assessment program
will continue to adopt more precise and sophisticated collision tests.
Various new car assessment tests and regulations concerning crash safety
are being prepared for implementation in the coming years, as shown in
Figure 1.4.

Use of high technology Regulations
o Intelligent vision-sensing
system
e Car-to-car communication J Information disclosure
e Use of infrastructure Infolll (NCAP, accident rates,
insurance premium rates)
safety
o Advanced safety vehicles ] \ Crash Accident
o Advanced highway systems safety

. .

Accident analysis &
accident reproduction

New crash safety technologies

o Automatic braking system for reducing collision speed
¢ Emergency stopping system

FIGURE 1.3
Vehicle crash safety and information safety.
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(NCAP : New Car Assessment Program)

2000 , , . 2005
Full overlap frontal ~ Offset frontal
Japan Side impact Overall evaluation Pedestrian protection
Brake performance  CRS evaluation: Head rest (dynamic)
o Full overlap frontal Roll-over avoidance Offset frontal
5 USA Side impact Whiplash evaluation (dynamic)
Enforced side impact
Z (Offset frontal (ITHS)) Brake performance (compatibility)
Full overlap frontal Brake Full overlap frontal
Side impact performance Frontal (compatibility)
EU Pedestrian protection Whiplash evaluation (d ic)
CRS evaluation iplash evaluation (dynamic
Advanced  Pedestrian
Safety airbag protection (J, EU)
regulations (USA) Advanced headlamps
(J, US, EU)
International standardization e——
FIGURE 1.4

Trends in NCAP tests and safety regulations in Japan, the United States, and the European
Union.

Intelligent Transportation Systems (ITS)

Intelligent transportation systems (ITS) are highway traffic systems in which
smart vehicles and smart roads are integrated. These systems are expected to
improve transport efficiency and safety, make driving more enjoyable, and
also contribute to environmental protection, as shown in Figure 1.5. For exam-
ple, CO, and NO, levels would be markedly reduced if the average driving

Information from road

<Communication>
Smart gateway Y

Driver
Smart road Smart car
W
>>))) )
7/
<Communication>
T Smart gateway

. Information from vehicle
"HMI : Human-Machine Interface

FIGURE 1.5
Intelligent transport systems.
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FIGURE 1.6

Emission levels as a function of average vehicle speed.*

speed during traffic congestion could be increased from 10 to 20 km /h through
the use of an intelligent transportation system,* as shown in Figure 1.6. More-
over, the number of traffic accidents might also be reduced, for example, by
applying an adaptive cruise control system together with intelligent transpor-
tation system capabilities.

Market Trends

Customer needs are becoming greatly diversified, and the speed at which
they are changing is accelerating. During Japan’s bubble economy in the late
1980s, customers preferred luxurious products of a uniform style, but vehi-
cles having good cost performance and individuality have been well received
in recent years. Car manufacturers also have to respond to social issues. A
key question is how fast a car manufacturer can provide vehicles that firstly
meet customers” demands and social requirements, and secondly are avail-
able at low prices. In order to satisfy market demands, vehicle manufacturing
is changing as follows:

Common use of low-cost materials procured globally

Use of common platforms for increasing investment efficiency and
reducing development costs

Outsourcing for increasing development speed

These changes in vehicle manufacturing are undermining the traditional
“keiretsu” system of company groupings in Japan. Today, automobile parts
are assembled into modules by suppliers and provided to car manufacturers,
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FIGURE 1.7
Alternative types of company grouping.

and it is not unusual nowadays for rival carmakers to purchase parts from
the same parts supplier. The traditional vertical integration of companies is
changing to more horizontal integration, as indicated in Figure 1.7. This
horizontal integration is basically composed of “give & take” relationships.
The idea that everything should be done in-house or by “keiretsu” compa-
nies has vanished. In this new structure, global networks for information,
cooperation, and human resources are becoming very important elements
of corporate competitiveness.

Automotive Materials

Figure 1.8 shows a history of automotive, mainly metal, materials. Over the
years, new materials have been developed along with changes in social
conditions and market requirements.

Car Body Materials

New materials for the car body have been developed to improve corrosion
resistance and to reduce vehicle weight. In the 1950s and 1960s, mass pro-
duction technologies were developed because of higher vehicle demand.
High performance and reliability were also the market trends at that time.
Deep drawing steel sheets with good formability were developed in the 1950s,
followed by the development of anti-corrosive steel sheets in the 1960s. In
the 1970s and 1980s, low fuel consumption was a keen issue because of the
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rive-
train Pb added free S added free Non-asbestos Anti-slip lining
cutting steel gear cutting steel gear ~ A/T lining Composite drive shaft
FIGURE 1.8

New materials used in vehicles.

two oil crises. High-strength steel sheets were developed in response to this
issue and have contributed to lightening vehicles by reducing sheet thick-
ness. In the 1990s, safety and environmental issues became primary concerns
in the automotive industry, and further work was done on developing tech-
nologies for weight reductions. Aluminum alloy sheets were developed in
this connection and applied to various body panels such as the engine hood,
and have contributed to achieving lighter vehicles.

Materials for Engine Components

New materials for engines have been developed to improve engine durabil-
ity and performance as well as to reduce the weight of components. In the
1950s, ductile cast iron suitable for volume production was developed and
applied to crankshafts. In the 1980s, micro-alloyed steels were developed
and applied to crankshafts and connecting rods. Sinter-forged connecting
rods were also developed. For the sake of weight reductions, aluminum
alloys were used for cylinder heads, and stainless steels for exhaust mani-
folds. In the 1990s, aluminum alloys were applied to cylinder blocks, and
magnesium alloys to cylinder head covers.
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FIGURE 1.9

Material composition of a typical passenger vehicle.

Materials for Chassis and Powertrain Components

New materials for chassis and powertrain components have been developed
mainly to improve durability and reduce weight. High-strength steel sheets
were applied for suspension members and aluminum alloys for wheels.
Knuckles, arms, and I-beams made of micro-alloyed steels were developed.
Aluminum alloys are now being used for transmission cases. Gears are made
of free-cutting steels. In recent years, magnesium alloys have been applied
to steering system components and transmission cases. Carbon composites
with fiber-reinforcement have begun to be used for propeller shafts.

A breakdown? of the materials used in a typical passenger vehicle for the
Japanese market is shown in Figure 1.9. Iron and steel still account for the
largest proportion, although their percentages have been decreasing over
the past 25 years. However, the volume of high-grade steel sheets, such as
high-strength steels with excellent crashworthiness, and coated steel sheets
with excellent anti-corrosion performance is increasing. Iron and steel are
expected to remain in first place for some time to come. On the other hand,
the use of aluminum alloys to make cylinder blocks, wheels, and other parts
is rapidly increasing due to the demand for lighter vehicles. Aluminum alloy
sheets have been applied to panels like the engine hood in recent years. This
trend is expected to continue in the future.

Future Direction of Automotive Materials

Materials have contributed to meeting the changing requirements for vehi-
cles over the years. In the future, contributions of material technologies will
continue to be needed in two principal fields, the environment and safety.
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The projected future direction of related technologies in each field is dis-
cussed in the following sections.

Environmental Viewpoint

Issues that are important for environmental protection include reducing
exhaust emissions, using clean energy, reducing pollutants, improving fuel
economy, and recycling, among others. New material technologies are
needed to address these issues, as shown in Figure 1.10.

A diesel engine achieves better fuel economy than a gasoline engine. A
direct-injection engine makes it possible to improve fuel economy further
by means of lean burning. However, these two types of engine need an after-
treatment system for the emission gas. A particulate filter is needed for diesel
engines and an NO, catalyst for direct-injection engines. There are strong
needs for the development of high-power batteries and high-performance
magnets for electric motors, which will be used on vehicles equipped with
a hybrid engine or with a fuel cell that is expected to be the ultimate vehicle
power source with no harmful exhaust gas. Moreover, development of new
materials for fuel cells is also needed.

Vehicle weight savings are very effective in improving fuel economy,
because the vehicle weight accounts for 30% of the total fuel consumption
loss. Applying higher strength steels to body structural parts and aluminum
alloys and/or plastics to body panels will make a large contribution to
reducing vehicle weight. Moreover, applying higher strength materials to
powertrain components will also make a large contribution to reducing the
size and weight of these parts.

Reducing exhaust emissions Improving fuel economy
. ® Weight savings
. Cata!yst mateFlals _HSS, Al, Mg,
o Carrier materials .
— Plastics

e Improving efficiency
— Engine
Addressing
environmental issues

Using clean energy

o Batteries
o Fuel cells

— Drivetrain
— Reduction of
driving resistance

Reducing pollutants Recycling
o Pb, Hg-free ® Reduction & consolidation
of material variations
o High durability
FIGURE 1.10

Important issues for environmental protection.
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FIGURE 1.11
Reduction of outer panel weight by substituting aluminum for steel sheet.

Figure 1.11 shows an example of the use of aluminum sheet for outer body
panels. Dent resistance is one property that must be taken into consideration
when lightening outer panels. Substituting aluminum for steel sheet would
make it possible to reduce the panel weight by more than 50%.

However, formability is an important factor in the extensive application
of aluminum sheets to body panels. The property of dent resistance, needed
for outer panels, is determined by 0.2% yield strength, as shown by the
following relationship:

Dent resistance o< (0,, X t?) (1.1)

where
0y, = 0.2% yield strength
t = sheet thickness

6000 series aluminum alloys have higher yield strengths than 5000 series
alloys, and 6000 series sheet provides correspondingly larger weight savings.
However, 6000 series aluminum alloys have poorer formability than 5000
series alloys, which limits the application of 6000 series alloys to body panels.
The trunk lid requires a sheet with good formability, so 5000 series alloys
are generally used. However, newly developed 6000 series aluminum alloys
could be applied to the trunk lid, because, although yield strength is lower
during the forming process, it increases after paint baking, as shown in
Figure 1.12. Developments in aluminum alloy body panels and sheet are
discussed in more detail by Takashi Inaba in Chapter 2.

Meanwhile, different approaches are being taken to lighten vehicles
through efforts to redesign the frame structure and panel parts. Audi is
producing a vehicle with an all-aluminum body-in-white. In addition to
changing the traditional monocoque body structure to a space frame con-
struction, Audi switched the body material from steel to an aluminum alloy.
This aluminum space frame structure deserves attention because of its cost-
saving potential, depending on the vehicle production volume.
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Trends in aluminum sheet usage for outer panels.

On the other hand, magnesium alloys are being used only in small quan-
tities in the automobile today. However, magnesium alloys could have a
large effect on reducing vehicle weight due to their low density. Therefore,
it is hoped that technologies will be developed for applying magnesium
alloys to automotive components.

Friction in an engine accounts for 40% of all the fuel consumption loss.
There is a need to develop technologies for reducing the friction coefficient
and weight of engine components, in particular the valve train and piston-
crank systems, in order to contribute to improving fuel economy. Higher
wear-resistant materials and surface treatments are needed for reducing
load stress by lightening the weight of components and reducing the contact
area.

Safety Viewpoint

Material technologies are also expected to contribute to improving crash-
worthiness. In order to achieve a safe car body in the event of a collision,
deformation of the cabin structure should be minimized to protect the occu-
pants, and the collision energy should be absorbed in a short deformation
length within the crushable zones, as shown in Figure 1.13.

However, the reaction force generally exceeds an appropriate level when
a material with higher strength is applied to an energy-absorbing location.
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x Cabin deforms significantly because
crushable zone is too weak to function
well as a collision energy absorber.

x Collision energy is not absorbed by car
because crushable zone is too strong.
The occupant is injured.

0 Collision energy is well absorbed by
crushable zone without any cabin
deformation. The occupant is safe.

FIGURE 1.13
Concept of crash safety.

Consequently, new structures and materials are required for building the
ideal car body that can absorb the collision energy in a short span and with
a constant reaction force.

To meet the requirements for improved safety, thicker steel sheets or
additional reinforcements are usually applied, which leads to a heavier
body-in-white. Therefore, it is necessary to improve crash safety while at
the same time lightening vehicles for better environmental performance.

From the viewpoint of materials, both dynamic strength and static strength
are important in designing parts for greater crash safety. As defined in

4  High dynamic/static
strength ratio material

Conventional material

Dynamic stress (kcy)

v

Static stress (Gy)

FIGURE 1.14
Relationship between static strength and dynamic strength.



16 Automotive Engineering: Lightweight, Functional, and Novel Materials

Average reactive force in crash

deformation
A o (koy)3/2 - t5/3
® 20+ 1o} o, = Static yield stress
S Steels with higher k-value .-
E= P 3 K- Dynamic strength
o 15 4 <= “Static strength
E t = Sheet thickness
% 10 -
=
20 5
= A
s Standard - Conventional
O- T »>
0 440 780
Yield stress, MPa
FIGURE 1.15

Part weight reductions achieved by using high-strength steel with a higher k-value.

Equation 1.2, the average reactive force of a rectangular tube with a hat-
shaped cross section is related to the k-value, i.e., the dynamic/static ratio
of yield strength?:

Average reactive force in crash deformation < (ko,)%/? x t5/3 (1.2)

where
k = dynamic yield strength/static yield strength
o, = static yield strength
t = sheet thickness

In general, the k-value decreases with increasing strength, as shown in
Figure 1.14. To reduce vehicle weight effectively while improving safety,
new materials with a higher k-value are needed. For example, substituting
higher strength steel for parts made of 440-MPa steel sheet can reduce the
weight, but a much larger weight saving would be possible by applying
steels having higher k-values, as shown in Figure 1.15.

Summary

This chapter has surveyed the situation surrounding the automotive indus-
try, including the requirements for environmental friendliness and crash
safety, from the viewpoint of the harmonious coexistence of human beings,
nature, and vehicles. The discussion of the future direction of material tech-
nologies has shown that various improvements can be attained by improving
material characteristics.
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However, in order to apply a new material to a vehicle, cost competitive-
ness and the availability of a global supply both need to be ensured. At the
same time, peripheral technical issues such as forming and joining technolo-
gies and environmental performance should also be addressed. Regarding
the cost of materials, one guideline for future material selection is likely to
be a specified level of cost performance from the customer’s viewpoint.
Moreover, in order to overcome these technical issues, simultaneous or con-
current engineering by materials suppliers, parts suppliers, and car manu-
facturers, or among car manufacturers, is becoming more important than
ever before.
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Introduction

In recent years, environmental improvement and safety have become very
important for the automobile industry. Environmental improvement and
safety features lead to increases in car body weight. To reduce weight, there-
fore, it is necessary to select optimum materials such as aluminum alloys.

Figure 2.1 shows the plan to reduce CO, emissions in Europe.! European
automobile manufacturers have to achieve an average CO, emission target
of 140 g/km for their fleet of new cars to be sold in 2008.2® Japanese auto-
mobile manufacturers have to achieve the same target by 2009. In North
America and Japan,! automobile manufacturers also have to achieve fuel
consumption regulation targets. For these reasons, aluminum alloys are
essential to reduce the weight of car bodies.

This chapter provides general information on how aluminum body panels
are used in Europe, North America, and Japan. The promotion of increased

19
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FIGURE 2.1

Plan to reduce CO, emissions in Europe.

aluminum body panel use and possible recycling opportunities are also
discussed.

Aluminum Body Panel Usage
Europe and North America

Aluminum body panels are used for luxury cars, popular cars, and full-size
cars in Europe and North America, as shown in Table 2.1. The automobile
manufacturers are mainly using only aluminum hoods except for special
cases where they are making all-aluminum cars. The use of aluminum hoods
is effective for both weight reduction and improved function as a hang-on
part. The adoption of aluminum panels is limited at present by the complex-
ity of the panel shapes, but the use of aluminum panels will increase sub-
stantially in the future as automobile manufacturers strive to achieve the
CO, emission targets in Europe, and the fuel consumption regulation targets
in North America.
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Examples of Adoption of Aluminum Panels in Europe and North America

Europe

North America

Benz S-class
Benz E-class

Audi A8,A2
Audi A6

Volvo S60
Volvo S70

VW Lupo
Renault Laguna
Peugeot 307
Citroen C5

GM Cadillac Seville
GM C/K Truck

Ford Lincoln
Ford Ranger
Ford F150

Chrysler Prowler
Chrysler Jeep

Hood
Hood, fender, deck-lid

All-aluminum car
Hood

Hood
Backdoor

All-aluminum car
Hood
Hood
Hood

Hood
Hood

Hood
Hood
Hood

All-aluminum car
Hood

Japan

The use of aluminum body parts started with the hood of the Mazda RX-7
in 1985. The Honda NSX all-aluminum car followed in 1990. At first, alu-
minum body panels were adopted for parts of sport cars in Japan, but
recently they have been used for mass-produced cars such as the Nissan
and Subaru cars shown in Table 2.2. Aluminum body panels are also used
for the compact Copen car produced by Daihatsu.

TABLE 2.2

Examples of Adoption of Aluminum Panels in Japan

Japan

Toyota Soarer
Toyota Altezza Gita

Nissan Cedric
Nissan Cima
Nissan Skyline

Honda 52000
Honda Insight

Mazda RX7
Mazda Roadster

Mitsubishi Lancer Evo

Subaru Legacy
Subaru Imprezza

Daihatsu Copen

Hood, roof, deck-lid
Backdoor

Hood
Hood, deck-lid
Hood

Hood
All-aluminum car

Hood
Hood

Hood, fender

Hood
Hood

Hood, roof, deck-lid
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TABLE 2.3
Important Properties Required for Body Panels

Panel Main Properties

¢ High strength after paint baking
(YS: 200 MPa at 170°C for 20 min after 2% strain)
Outer ¢ Flat hemming property
e Surface condition (SS-mark free, anti-orange peel)
e Anti-corrosion (anti-filiform corrosion)

Inner * Deep drawing property
¢ Joining properties (welding, adhesion)

Aluminum Alloys for Body Panels

Automobile body panels consist of a double structure with an outer panel
and an inner panel. For the outer panels, higher strength materials are
especially required to provide sufficient denting resistance. For the inner
panels, higher deep drawing capacity materials are especially required to
allow the manufacture of more complex shapes. In other words, different
properties are required for the outer and inner panels, as shown in Table 2.3.

Research and development of aluminum body panels began in the 1970s.
Aluminum alloys for body panels developed in different ways in Europe,
North America, and Japan because of the different requirements of the
automobile manufacturers. In Japan, higher formability alloys were required
from the automobile manufacturers. Therefore, special 5xxx series Al-Mg
alloys, such as AA5022 and AA5023, were developed first. On the other
hand, high strength alloys after paint baking were required in Europe and
North America. Consequently, 2xxx series Al-Cu-Mg alloys, such as AA2036,
and 6xxx series Al-Mg-Si-(Cu) alloys, such as AA6016, AA6111, and AA6022,
were developed. The mechanism of paint bake-hardening of 6xxx series
alloys is due to precipitation hardening of Mg,Si or a Cu-containing deriv-
ative. Figure 2.2 shows the transition of aluminum alloys for body panels.

Past Present and Future

e Japan 5xxx —|:: 6xxx Alloy (outer/inner)
(Special) 5xxx Alloy (outer/inner)

(special, conventional)

e EU 6XXX —[: 6xxx alloy

(Outer/inner) (Conventional)
. 5xxx

. 1\1;}/1\0.}’ (inner) 0 6xxx Alloy (outer/inner)

FIGURE 2.2
Transition of aluminum alloys for body panels.
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TABLE 2.4

Chemical Composition of Aluminum Alloys for Body Panels (wt%)

AA No. Si Fe Cu Mn Mg Remark

6016 1.0/15 <0.50 <0.20 <0.20 0.25/0.60  Outer/Inner, EU
(Kobe: KS6K21)

6022 08/15  0.05/020 0.01/0.11 0.02/0.10 0.45/0.70 Outer/Inner, USA
(Kobe: KS6K21)

6111 0.07/1.1  <0.40 0.50/0.90 0.15/0.45 0.50/1.0  Outer/Inner, USA
(Kobe: KS6K31)

5022 <0.25 <0.40 0.20/0.50 <0.10 3.50/4.9 Outer/Inner, Jap.
(Kobe: KS5]J30)

5023 <0.25 <0.40 0.20/0.50  <0.10 5.0/6.2 Outer/Inner, Jap.
(Kobe: KS5J32)

5182 <0.20 <0.35 <0.10 0.20/0.50 4.5/5.0 Inner, EU and Jap.

Recently, similar 6xxx series alloys have been used in Europe, North America,
and Japan.

Table 2.4 shows the chemical compositions of aluminum alloys for body
panels. AA6016 contains less than 0.2% Cu content, and is used in Europe.
AAG6111 contains higher Cu content than AA6022. Both alloys are used in
North America. Alloys similar to low Cu content AA6016 and AA6022, and
high Cu content AA6111 are also used in Japan. KS6K21 and KS6K31 are
alloy codes of Kobe Steel, which correspond to AA6016, AA6022, and AA6111
respectively. AA5022 and AA5023 are special Al-Mg alloys produced by
using high purity primary aluminum. They contain optimum Cu content,
and have high formability and medium strength after paint baking. KS5]30
and KS5]32 are corresponding Kobe Steel alloys. These alloys are still in use
for body panels of severe complex shapes in Japan. For inner panels, the
conventional 5xxx series AA5182 alloy has been used recently in Europe and
Japan.

Table 2.5 shows typical mechanical properties of aluminum alloys for body
panels produced by Kobe Steel. KS6K21-1 has high strength, with a yield

TABLE 2.5

Mechanical Properties of Aluminum Alloys for Body Panels (Kobe Steel)
Before Forming After Baking

Kobe Alloy TS MPa YS MPa El % YS MPa Remark

KS6K21-1 240 125 29 200 Outer/Inner

KS6K21-1 250 130 30 165 Inner

KS6K31 275 130 32 165 Inner

KS5J30 275 135 30 155 Outer/Inner

KS5]32 285 135 33 155 Outer/Inner

5182 270 125 29 140 Inner
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strength of 200 MPa after paint baking, and is in use for many body panels
in Japan. However, the formability of KS6K21-1 is inferior to that of KS5J32.
On the other hand, KS5J32 has higher elongation than KS6K21-1.

Increasing Aluminum Body Panel Usage

In order to promote the adoption of aluminum body panels, it is necessary
to provide for the potential panel shapes and the low-cost materials required
by automobile manufacturers. It is important to improve material properties
as well as forming and joining technologies, so as to be able to manufacture
suitable body panel shapes. On the other hand, it is necessary to minimize
the number of manufacturing processes, and to be able to use recycled
aluminum alloys to ensure a low-cost material.

Aluminum Alloys

The important properties required for body panels are as shown in Table 2.3.
Especially, it is necessary to improve the formability to enable, for example,
hem flanging and stretch-forming for outer panels, and deep drawing for
inner panels. It is important to be able to decrease strength before forming,
and then redevelop high strength after paint baking under conventional
baking conditions.

Figure 2.3 shows a study of the bake-hardening properties of 6xxx alloys
after pre-aging.* The specimens are solution heat treated at a high temper-
ature of 530°C and then water quenched, a conventional manufacturing
process for aluminum body panels. Pre-aging is conducted at 50°C to 100°C
immediately after water quenching. After one week at room temperature,
the specimens are then heat treated using several different baking conditions.

6xxx Alloy: Al-1% Si-0.8% Mg-0.14 Mn
Homogenizing: 540°C For 4 hours — hot rolling
Thickness: 1 mm after cold rolling

530°C x 20s

Pre-aging 150~200°C x 20~1200 min

100°C x 2h -
70
50

1 mm wQ Room Temp.

T4 temper

FIGURE 2.3
Study of the bake-hardening properties of 6xxx alloys after pre-aging.
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The pre-aged specimens have high strength after paint baking at low
temperature for a short time compared with more conventional specimens.
The improved bake-hardening properties are caused by fine precipitates
of f/ — Mg,Si. This study is important in indicating how to improve the
material properties.

Forming Technology

It is not easy to promote the adoption of aluminum body panels just by
improving the material properties. It is also important to provide optimum
forming technologies for manufacturing the aluminum body panels. For
example, tooling and forming conditions both need to be optimized. In
addition, many kinds of forming technologies, such as hydro-forming, hot-
forming, and extreme cold-forming, need to be studied. Kobe Steel is inves-
tigating the optimization of tool and forming conditions using practical
pressing studies and finite element (FEM) analysis.

Figure 2.4 shows the 1400-ton Kobe Steel test press for manufacturing
aluminum body panels. Useful data for aluminum body panels compared
with conventional steel panels can be achieved by using direct experimental
pressing studies.>®

1400-ton hydraulic press Optimization of tool and forming

FIGURE 2.4
1400-ton Kobe Steel test press for manufacturing aluminum body panels.
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(Trunk lid inner)

Prediction of cracks Cracks occurred by practical
using FEM analysis ‘ press forming

FIGURE 2.5
Relationship between finite element analysis and practical press forming.

On the other hand, Figure 2.5 shows the relationship between finite ele-
ment analysis and practical press forming.” The prediction of cracks using
finite element analysis corresponds with the results of cracks occurring dur-
ing experimental press forming. The precision of finite element analysis will
improve with increased applications, and this will play an increasing role in
promoting adoption of aluminum panels.

Recycling

Aluminum alloys have excellent recycling properties. It is well-known that
used aluminum beverage cans can be returned to new beverage cans. In
Japan in 2001, the recovery ratio of used aluminum beverage cans was 83%,
with a can-to-can ratio of 68%, the rest being used mainly for castings.
Recycling of aluminum alloys is useful for reducing the cost of the aluminum
material, and leads to improved life-cycle assessment. Therefore, the reuse
of aluminum alloy body panels needs to be studied. In the case of alumi-
num press scrap, aluminum manufacturers can reproduce the same alloy
sheets. However, in the case of aluminum scrap from a scrapped car, it is
not easy to recover the same alloy sheet, because of the mixing of different
alloys, such as 6xxx, 5xxx, and Al-Si series alloys, and different metals, such
as aluminum and steel. Therefore, aluminum manufacturers have to work
on alloy designs suitable for recycling and construction of a viable recycling
system. The final target will be car-to-car.

Figure 2.6 shows the effect of using an aluminum Audi ASF car on saving
energy. Energy saving from an all-aluminum car will be excellent compared
with conventional steel cars, with the introduction of recycled aluminum
alloys.
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FIGURE 2.6
Effect of using an aluminium Audi ASF car on saving energy.

with all subsequent weight reduction (Recycled aluminum)

Summary

The use of aluminum body panels and recycled aluminum alloys leads to
weight reduction in car bodies. Therefore, the promotion of the adoption of
aluminum body panels is very important in both automobile and aluminum
manufacturing industries.
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Introduction

Modularization in the automotive industry is a production method that regards
plural parts as a single part by consolidating them into a single functional unit.
This chapter describes trends in automotive modularization and the associated
use of plastic materials and molding processes for module carriers.
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European automotive makers have been adopting modular parts mainly
for reasons of cost saving since the late 1980s. In Japan, this kind of modu-
larization has not been developed because of insufficient cost benefit.
Recently, some Japanese automotive makers have begun to adopt modular
parts for cost and weight savings by applying better materials and processes
to module carriers. High-performance materials such as sheet molding com-
pound (SMC) or glass mat reinforced polypropylene (PP) are normally used
for module carriers because it is necessary to sustain several surrounding
parts. Instead of these materials, new materials and processes have been
developed and have achieved dramatic cost and weight savings in the result-
ing modular parts. This chapter also describes further new technologies, such
as nanocomposites, which are expected to be used for future module carriers.

Modularization Methods

The subassembly in the body assembly line has been used in Japan since the
1970s to shorten the length of the main line. Recently, “function integrated
modules” were introduced to reduce the cost and weight of parts by con-
solidating them and integrating their functions.

Module Carrier Requirements

Module carriers are the foundation for assembling surrounding plural parts.
Mechanical properties such as good strength, stiffness, impact strength, dura-
bility, dimensional stability, etc., are all required not just in the module carrier
itself, but also after assembly with the surrounding parts. High-performance
materials are, therefore, needed to manufacture module carriers.

Development Trends

Sheet molding compound and glass mat reinforced polypropylene have been
the main materials used for module carriers since the late 1980s. Both mate-
rials are reinforced by glass fibers, have high strength and good dimensional
stability, and can meet the requirements for module carriers. However, a semi-
finishing product step is required after compression molding, and design flex-
ibility is not so high. Moreover, sheet molding compound cannot easily be
recycled because of the presence of thermosetting resin. In order to improve
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these characteristics, new materials and processes have been developed, as
discussed below.

Plastic/Steel Hybrid

In late 1997, a European automotive maker introduced a plastic/steel hybrid
structure for a front-end module carrier consisting of injection molded poly-
amide (PA) and steel reinforcement. The strength of an injection-molded part
is normally lower than that of a compression-molded part. In this case, how-
ever, the steel part of the component was effective in enhancing the strength.
The difference between a hybrid part and a conventional compression-
molded part is the need for a semi-finishing product step. The hybrid part
does not need post-finish treatment because of the injection molding. Accord-
ing to a material supplier, hybrid structures can reduce cost and weight by
10% each, compared with compression-molded parts.

Long Fiber Thermoplastic (LFT)

A European automotive maker introduced long fiber thermoplastics tech-
nology in 1998. First, an intermediate product consisting of polypropylene
and 25-80mm glass fibers in length is produced with an extruder. Then, the
intermediate product is charged into a molding die and compression
molded. This material can be used with a complex design and is also easily
recyclable compared to conventional glass mat reinforced polypropylene.!

Stamping Mold

The melted resin from the extruder head is directly charged into the die. Then,
the material is compression molded. The molded part has low warpage and
high-design flexibility. A front-end carrier using this technology is 30%
lighter than a conventional steel part. In 2001, a Japanese automotive maker
introduced this technology.?

Injection-Molded Polypropylene Reinforced by Long Glass Fibers

Injection-molded module carriers have been developed since the early
1990s. In 2002, a Japanese automotive maker introduced injection-molded
carriers without steel reinforcement. This system has then been applied to
a front-end module and door module carriers for a worldwide series of
production cars.

A semi-finishing product step is not necessary for an injection-molded
part. In addition, injection-molded parts have a high level of design flexibility.
However, injection-molded strength is lower than for conventional glass mat
reinforced polypropylene because the length of the glass fibers is shortened
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during the injection-molding process. The length of the glass fibers in a
conventional injection-molded part is reduced to less than 2 mm from an
initial length of 10 mm. The length of the glass fibers needs to be more than
4 mm for a high-strength part. Accordingly, new materials and processes
have been developed to inhibit breakage of the glass fibers during injection
molding.? This new technology is discussed below.

New Materials

In conventional injection molding a high-molecular weight, high-viscosity
resin is generally used in order to improve the molded-part strength. How-
ever, in recent technological developments, a super-low viscosity resin is
used instead, in order to maintain the length of glass fibers by reducing shear
forces on the glass fibers during the molding process. As a result, much longer
glass fibers are maintained in the molded part and its strength is increased.

New Processes

New mixing screws for large-scale injection molding machines have also
been developed in order to inhibit the breakage of the glass fibers by reduc-
ing the shear force on the glass fibers. The mechanical properties of the
resulting injection-molded parts are much superior to those of conventional
injection-molded parts and equivalent to those of the conventional compres-
sion-molded parts (Table 3.1).

Applications and Benefits

About 20 parts have been consolidated into one part for a front-end module
carrier by using the newly developed injection-molding technology
described above. The injection-molded carrier is then 25% cheaper and 18%
lighter than using a conventional steel part. Moreover, the same technology
and material has also been applied to a door module carrier. This carrier is
then 20% cheaper and 2.3 kg lighter than using a conventional steel part by
integrating plural parts into the carrier plate.

TABLE 3.1
Mechanical Properties of Injection-Molded and Compression-Molded Parts
Conventional Conventional Developmental
Compression-Molding  Injection-Molding Injection-Molding
Flexural modulus 53 5.1 52
(GPa)
Flexural strength 139 115 126
(MPa)
Izod notched impact 29.9 9.3 325

strength (k] /m?)
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Future Technology

Modularization will be further promoted and expanded by improving
mechanical properties, surface quality, recyclability, etc., of the module car-
rier. The potential technology that will be able to meet these requirements
is discussed below.

Future Materials

Nanocomposites

The mineral clay is attracting attention as a reinforcement filler for injection-
molded polyamide parts, enhancing the part strength considerably more
than conventional fillers such as glass fibers. The aspect ratio of the nanoscale
clay particles vary from several hundreds to several thousands—very high
compared to conventional glass fiber filler. The resulting injection-molded
nanocomposite polyamide materials show unique characteristics. Their
strength and stiffness at high temperature are dramatically improved at the
same time as maintaining the chemical resistance, paintability, surface
appearance, etc., that are important polyamide material characteristics.*
Polyamide nanocomposites are expected to be applied to module carriers
for a range of visible parts. Polypropylene nanocomposites are also being
researched. It is reported that 4.5% polypropylene/clay nanocomposites
have strengths equivalent to 20% talc-reinforced polypropylene.®

High-Strength Plastic Reinforced by Liquid Crystal Polymers (LCP)®

Thermoplastic resins are generally recyclable or can be reused for similar
applications. However, resins reinforced by glass fibers lose their perfor-
mance after the granulating process in recycling because of the damage
sustained by the reinforcing fibers. An important development target is to
increase the strength of the polymer composite and make it even easier to
recycle. Composites have been prepared using a generic twin-screw extruder
to blend liquid crystal polymers with thermoplastic resin, with extrusion
conditions such as shear rate at the die set to cause fibril formation. The
liquid crystal polymer, polypropylene, and compatibilizer are mixed initially
in pellet form, and then extruded in a composite film with the polypropylene
reinforced by liquid crystal polymer fibrils in the extrusion direction. These
films are pre-heated and laminated to produce a moldable blank with good
moldability, and compression-molded samples exhibit good mechanical
properties. The stiffness of a bumper beam prototype made of polypropyl-
ene/liquid crystal polymer is equivalent to a conventional glass mat rein-
forced polypropylene material. Figure 3.1 shows load-displacement curves
for equivalent polypropylene/liquid crystal polymer and the glass mat rein-
forced polypropylene bumper beams.
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FIGURE 3.1
Load-displacement curves for injection-molded polypropylene/liquid crystal polymer and
compression-molded glass mat reinforced polypropylene composites.

The recyclability of the liquid crystal polymer composites is shown in
Figure 3.2. Even after being recycled ten times, the tensile strength is equiv-
alent to that of the virgin material. At present, the price of liquid crystal
polymer is about ten times that of glass fiber; however, cost reductions are
expected to be achieved by expanding applications to the automotive
industry.

Future Processing Techniques

Microcellular plastic is manufactured by a new molding process, with
improved mechanical and thermal properties compared with conventional
foam plastics. The key characteristics of the microcellular plastic material”
are the cell size, in the range 0.1 to 10 pm, and the cell number density, in
the range 10° to 10" cells/cm?. A saturated polymer gas solution is brought
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FIGURE 3.2
Tensile strength versus recycling time for a polypropylene/liquid crystal polymer composite.
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into a thermodynamically unstable state, where decompression and/or heat-
ing instantaneously reduce the gas solubility and leads to formation of the
microcells. Carbon dioxide (CO,) or nitrogen (N,) gas is usually used to
reduce environmental dangers. The resulting characteristics of the foamed
plastics:®

Low warpage

Low clamping force on the molding machine (i.e., low injection pressure)
Easy to mold large parts

Short molding cycle time

At present, this new process has some technical issues such as poor surface
appearance caused by flow marks. However, in the future, the new manu-
facturing technology can be expected to be used to mold large-scale parts
with complex designs, at low cost and weight. These characteristics will be
very useful for future module parts.

Summary

This chapter has described materials and processes for a module carrier.
Other techniques, such as bonding and computer-aided design, are also very
important for automotive modules. By combining the different techniques
carefully, plastic technology will contribute strongly toward the develop-
ment of future automotive modules.
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Section 2

Functional Materials

Functional materials, those materials that have electronic, optical, or magnetic
properties, are an essential part of the modern automobile. Functional mate-
rials are not only deployed in the primary structures and drive systems but
also in the safety systems and in telematic and entertainment systems, which
often provide the key product differentiation features and can yield a high
added value for the manufacturers. This section outlines the application of
functional materials in five representative areas of automotive technology:

¢ Combustion sensors

¢ Controlled rheology fluids for mechanical linkages
¢ Engineered crash structures

¢ Engine control and drive sensor electronics

e Smart structures

The authors review the current state of the art and project future application
areas where functional materials and smart technologies will make signifi-
cant impact on automotive design and manufacture.
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Introduction

Pollution is not a new phenomenon, and probably existed in the most ancient
of times. Indeed, legislation was enacted many centuries ago in different parts
of the world. For instance, in England, in the thirteenth century, King Edward
Iissued edicts aimed at preventing the sulphurous local pollution in London
due to coal burning. Most pollution events in the world since then have been
associated with the use of fossil fuels, and this is still the source of many
problems today. Types of pollution that are topical are given in Table 4.1.
Much pollution in recent times has come from the ever-expanding use of cars,
and the amelioration of this pollution problem is the subject of this chapter.

The Development of Automotive Catalysts

Pollution was not perceived as a problem during the first few decades of the
use of automobiles, due to their relative rarity and, therefore, the low total
pollution burden on the atmosphere, notwithstanding the fact that early vehicles

39
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TABLE 4.1
Some Major Environmental Stresses

Environmental Symptom Likely Cause
Tropospheric pollution, smogs, etc.  Fossil fuel overconsumption
Acid rain Fossil fuel overconsumption
Global warming Fossil fuel overconsumption
Ozone hole Chlorofluoro—carbon emissions
Decreased male fertility Groundwater pollution

were inefficient. However, with the buildup of car ownership in the world, the
pollution load increased until the effect became severe and noticeable. This was
recognized first in the Los Angeles basin due to a combination of local factors,
but most importantly due to the high earning power of the local population
and, therefore, the high per capita car ownership. Smogs occurred in the late
1950s and 60s, which were basically due to emissions from cars that interacted
together in the presence of intense sunlight to produce photochemical smogs.
The major polluting components were nitrogen oxides (NO,), ozone O;, and
hydrocarbons together with highly damaging partially oxidized products. One
example of these—peroxy acetyl nitrate (PAN)—is detrimental to the lungs in
ppb concentrations, and is an eye irritant. Many deaths resulted from such
smogs, mainly among the elderly, infirm, or those with existing lung problems.

Finally, the California legislature decided that the problem must be solved
and that it could only be achieved in a mandatory way. At first, this was
designed to restrict carbon monoxide and hydrocarbon emissions. Later,
NO, was included in the legislation. Initially, the U.S. car companies opposed
such legislation. However, a catalyst cure for the problem was not only
possible, but was achieved and demonstrated for a production model car. A
schematic illustration of the form of a car catalyst currently used is given in
Figure 4.1. This is a ceramic monolith that is strong, resistant to thermal
shock, and the active phases are present on this monolith inside a highly
porous, but thin layer of washcoat, which is usually mainly alumina. More
extensive reviews of this technology are available.!

From this point in time, the legislators were encouraged to push the sci-
entists to ever-greater improvements of catalytic efficiency by increasing the
stringency of legislation. The development of this legislation is illustrated in
Table 4.2. It is now the case that catalysts, at least for normally aspirated
petrol engines, are very efficient. The current and future challenges to auto-
motive pollution removal are outlined below.

Important Factors in Pollution Removal
Light-Off Temperature

Pollutant emission has to meet the strict legislative levels shown in Table 4.2.
These limits are set to get tougher. If the pollutants emitted from the engine
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Monolith wall

Schematic diagram of a typical car catalyst, showing the monolith with a washcoat that is

impregnated with precious metals and other active species.

TABLE 4.2

Legislated Passenger Car Emissions

Maximum Levels (g/Km)

Year Location co HC NO,
1970 United States 14 1.3 -

1975 California 54 0.5 1.2
1980 United States 42 0.2 1.2
1993 California 2.0 0.2 0.2
1993 European Union 2.7 1.0 (HC and NO, combined)
1997 California 2.0 0.05 0.12
1997 European Union 2.3 0.3 0.25
2001 European Union 2.3 0.2 0.15
2005 European Union (Proposed) 1.0 0.1 0.08
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FIGURE 4.2

An illustration of the total amount of emitted pollutants collected from a car exhaust after
engine switch-on from a cold start, and after switching off for only a short period of time
followed by restart (warm start). Most of the pollution is produced within the first minutes of
the engine is switching on, due to inefficiency of the catalyst at low temperatures.

are accumulated and analyzed, they follow the pattern schematically shown
in Figure 4.2,2 that is, the vast majority of the pollutants are emitted shortly
after engine switch-on, while very little pollution is produced once the
exhaust region is hot. This is because the catalyst has to be hot to be able to
convert the pollutants (see, for example, carbon monoxide oxidation by a
supported platinum catalyst is Figure 4.3). Thus, even if the engine is
switched off for a short while and restarted, then little pollution is produced
because the catalyst is still at elevated temperature (so-called “warm start”)
and is immediately effective upon restart.

Thus, reducing the temperature for light-off to occur is a major target
for pollutant reduction, and this requires the development of more active
catalytic materials. One way to get light-off to occur more quickly without
activity enhancement is to place a catalyst in the engine manifold, close
to the source of pollution, since this gets hot more quickly than the normal
position farther down the exhaust pipe. This approach is carried out now-
adays. Another option being seriously investigated by a number of com-
panies is the use of a plasma discharge prior to the normal catalyst that
produces activated species that particularly enhance NO, destruction.
Also, artificial gas heaters in the car exhaust prior to the catalyst have been
considered, but these use a significant amount of power from the engine.

There are hopes for more active catalysts that light-off at much lower
temperatures than platinum, and one example of this comes from a surpris-
ing element, namely gold. Thought previously to be inactive, it has been
shown that gold nanoparticles are very active for carbon monoxide oxida-
tion, even at room temperature, when prepared in the correct way.?
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FIGURE 4.3

A plot showing the light-off for carbon monoxide oxidation occurring at about 180°C for a
supported platinum catalyst. There is zero conversion below about 150°C.

Lean-Burn Engines

Lean-burn engines have been introduced because they are more fuel-efficient
and therefore produce less carbon dioxide burden on the atmosphere,
besides being more economically efficient for the user and reducing the rate
of loss of fossil fuel stocks. However, although oxidation reactions of hydro-
carbons and carbon monoxide occur well under such circumstances, the
reduction of NO, to nitrogen becomes very inefficient. Therefore, new cata-
lytic strategies are needed.

One of these strategies involves the use of a NO, storage medium in the
catalyst, and catalysts based on barium oxide BaO have been developed
successfully by Toyota.*® In this situation, when the active metal component
is deactivated by becoming saturated with oxygen atoms at the surface, it
no longer dissociates NO efficiently. The NO, is then stored on BaO as the
nitrate. Periodically, a reductant (fuel) is injected over the catalyst and this
reduces the metal surface so that it becomes active in the direct sense of
catalyzing pollutants in the exhaust gas, but it also catalytically decomposes
the nitrate and cracks the resulting NO, to give nitrogen (and oxidized
products such as carbon dioxide and water). The effect of the storage medium
is shown schematically in Figure 4.4 and results in significantly enhanced
NO, conversion. The details of this catalysis are presented further below.



44 Automotive Engineering: Lightweight, Functional, and Novel Materials

Without NO, storage

compound T
Reductant injection

NO, Level
out of engine
A / Reductant off

b\

With NO, storage
compound

I 0.05 seconds I -
Time

FIGURE 4.4
Schematic illustration of the NO, conversion process in NSR catalysts. NO, is stored during the
lean operation and is then removed from the catalyst and converted to nitrogen by injection of
a short pulse of fuel that chemically reduces metal part of the catalyst that activates it for NO,
destruction.

Diesel

Diesel is a type of lean-burn engine and so some of the above strategies can
be used on exhausts of this type. However, a major problem here is that a
high level of soot particles are produced from the engine that tend to block
and degrade the catalyst since they are not easily removed themselves.
Johnson—Matthey in the United Kingdom recently won the MacRobert
Award from the Royal Academy of Engineering for their development of
the CRT (continuously regenerating trap) particulate removal technology.
This is a technology that uses a porous-walled monolith to store the partic-
ulates where they are attacked and oxidized by nitrogen dioxide NO, pro-
duced in an initial catalytic oxidation step.

NSR Catalysts

NO, storage and reduction (NSR) catalysts have a function for binding NO,
during lean running. Figure 4.4 shows schematically the effect of inclusion
of barium oxide in such catalysts. As a result of operation with a periodic
reduction pulse, significantly more NO, is converted than would otherwise
be the case.
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Experiments currently underway at the University of Reading, using
hydrogen as the reductant, clearly show the beneficial effect of barium. In
Figure 4.5 a pulse of NO is made into a continuous flow of oxygen in helium
upon a catalyst that had already been dosed with several pulses of NO.
Apart from some displacement of oxygen from the flow, when NO is pulsed
there is no net NO uptake on the catalyst and no products are observed.
This is because the catalyst is fully saturated with nitrate already under these
conditions and the platinum surface is saturated with oxygen atoms, which
prevents NO dissociation and barium nitrate decomposition. When a hydro-
gen pulse is introduced, then there is immediate consumption of the hydro-
gen with coincident decomposition of the stored NO,, and a large amount
of nitrogen is produced. This is because the platinum is reduced by the
hydrogen pulse, adjacent barium nitrate is decomposed to NO + O,, and the
platinum cracks the NO in the following way:

2NO - 7N, + 20,

Mass spec. intensity (arb. units)

22.5 23.0 23.5
Time (mins)

FIGURE 4.5

Showing a pulsed-flow reactor experiment relating to NO, storage and reduction on a Pt/BaO/
Al 0, catalyst. NO (30 amu) is periodically pulsed into a continuous flow of oxygen over the
catalyst held at 300°C. The first pulse, shown at 22.5 minutes, is just one of many that the catalyst
had previously received, and so it is saturated with nitrate and the whole of the input NO pulse
is detected at the reactor outlet. The dip in oxygen (32 amu) here is simply due to displacement
from the gas phase by the NO injection, it does not signify reaction. At —-23.1 minutes a pulse
of hydrogen is injected over the catalyst, which results in reduction of the metal component,
and thus considerable extra uptake of oxygen. At the same time a large amount of nitrogen (28
and 14 amu) is evolved due to the catalyzed decomposition of the Ba(NO;), to form BaO. Upon
subsequently admitting a pulse of NO at 23.6 minutes, there is uptake of both NO and oxygen
(compare the pulse at 23.6 mins with that at 22.5 mins) as decomposed barium nitrate is
reformed.
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However, once the hydrogen pulse has passed through the catalyst, the
platinum reoxidizes again by adsorption of gas phase oxygen. At this point
oxygen uptake ceases, the platinum surface has become oxidized, and is
unable to decompose the barium nitrate in this condition. However, it can
still store NO, because there are available barium oxide sites surrounding
the platinum. Thus, upon admission of the subsequent NO pulses, NO
storage and uptake of oxygen is observed. NO storage requires oxygen in
the following stoichiometric amount

BaO + 2NO + 3 O, — 7 Ba(NO,),

After several further pulses of NO, uptake essentially ceases as the barium
oxide again becomes saturated with nitrate.

There are a number of interesting questions related to this catalysis and
these concern the atomic and molecular events taking place at the surface
of the material. We have begun work at Reading using model catalysts to
understand these kinds of reactions. Model catalysts can be made in a variety
of ways. For instance, as shown in Figure 4.6, we can make model catalysts

A C

FIGURE 4.6

Showing a series of SIM (scanning tunneling microscopy) images taken from a movie of the effect
of gas phase oxygen on the surface structure of a model Pd/TiO, catalysts. The Pd is in the form
of nanoparticles ~4 nm diameter formed on the surface by metal vapor deposition. Frames A-F
represent increasing exposure to oxygen at 673 K, and the size of each image is 50 nm x 50 nm.
New layers of titania are grown around the nanoparticles by reaction between oxygen atoms
(which form on the Pd and then diffuse off to the adjacent titania) and interstitial Ti%.
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by depositing metal nanoparticles onto an oxidic support. In this case the
support is a titanium (110) single crystal and palladium nanoparticles have
been formed by MVD (metal vapour deposition).” We can view the oxygen
storage process on this system as shown in Figure 4.6. Before treatment in
oxygen at 670 K, the particles are clearly visible on the surface. However,
during oxygen treatment, new layers of titania grow up around the nano-
particles until they eventually completely cover them. At intermediate times,
a spillover region is clearly visible.® The storage occurs by oxidation of
reduced Ti** species which reside in the bulk of the sample, but that are pulled
to the surface during oxidation. This preferentially occurs around the metal
particle because oxygen dissociation occurs fast there, but occurs only slowly
on the titania itself.

We can also model the NO, storage process by fabricating inverted catalysts,
in this case by depositing barium onto platinum(l11) followed by oxidation
of the deposited barium. In Figure 4.7a, we see structures resolved at atomic
resolution. We believe this is due to a monolayer structure of the barium
oxide on the surface, which is clearly not completely homogeneous and
probably defected with missing oxygen and barium atoms. We can also make
multilayer islands of barium oxide (as shown in Figure 4.7b). When NO and
oxygen are introduced, these islands expand due to the formation of barium
nitrate, which has a higher volume per barium atom than barium oxide. These
preliminary results are part of a bigger programme aimed at a full under-
standing of the reaction at atomic and molecular level, which should go some
way to answering some of the important questions related to the storage
phenomenon. This includes such matters as: What is the extent of barium
nitrate decomposition? Are the reactions only at the surface of the oxide?

FIGURE 4.7
(a) An atomic resolution image of the Pt(111) surface with a monolayer of BaO dosed on top.
Image size 25 nm x 25 nm. (b) An image of the same surface with multilayer islands of BaO.
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And what is the nature of the spillover and reverse spillover processes that
are responsible for NO, storage and decomposition?

Summary

This chapter has outlined the development of materials and catalysts for the
removal of pollutants from car exhausts. Ways of measuring the catalytic
processes involved using time resolved methods are described, as also is the
application of a novel, atomically resolving, imaging technique to improve
the understanding of the processes involved at the surface of the catalytic
materials.
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Introduction

Controllable fluids that change their mechanical properties under the influ-
ence of a remote external influence have been known since the mid to late
1940s. Broadly speaking, two classes of such materials exist: these are elec-
trorheological fluids, which change their rheological behavior under the
influence of electric fields, and magnetorheological fluids, which change
their rheology under the influence of magnetic fields. These materials are
similar to each other in terms of their basic structures in that they are both
colloidal dispersions of solid particles in a carrier liquid that is usually a
standard hydraulic oil. In the case of electrorheological (ER) fluids, the
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particles used can be starch or other similar materials, whereas in the case
of magnetorheological (Magnetorheological) fluids, the materials used must,
of course, be magnetic materials such as particles of iron, cobalt, etc. Both
classes of material have a significant number of potential applications in the
automotive sector.

Despite the fact that they have been available for many years, the impetus
to bring such materials into use has not been great until recently, when
issues of noise pollution, both for passengers in automobiles and for those
living near to major arterial roads, have become increasingly important.
Also, previous generations of materials have perhaps not been suitable for
immediate application due to a lack of long-term stability in terms of a
number of properties. The application areas are, for the case of dampers,
under the seats of heavy vehicles such as lorries, tractors, buses, etc., engine
mountings, particularly for vibration and noise suppression in both luxury
vehicles, and for example, coaches and buses. It is also possible to design a
simple slip clutch or brake that can be used for control of cooling fans and
4-wheel drive differentials. In these cases, the use of a controllable liquid
has major advantages in terms of energy conservation. In non-automotive
applications, magnetorheological fluids have already found application as
generators of a variable resistance in exercise machines. They have also been
suggested as an energy-free solution to the problem of maintaining a fire
door in the open position that would subsequently close when a fire alarm
is sounded.

Historical Developments

Electrorheological Fluids

Electrorheological fluids were developed in the first instance by Winslow
in the mid-1940s.! Development continued intermittently from that time
with a surge in activities in the 1980s and early 1990s with many formu-
lations being proposed both for the fluids themselves and a wide range
of devices developed. For a review of these developments, see Scharnhorst
and Schelttler-Kohler.2 The basic structure of the electrorheological fluids
were based upon colloidal dispersions where the interaction between the
particles in the presence of an electric field derived from the presence of
absorbed ions, or more commonly, water molecules on the surface of the
colloidal particles themselves. The carrier oils were usually the simple
hydraulic oils that are used in normal rheological devices. A wide range
of dispersants appropriate to the particular particles and the carrier
vehicle were also used.

Modern electrorheological fluids based upon these structures exhibit
dynamic yield strengths typically in the range 3-5 kPa for electric fields
of the order of 3-5 kV/mm. Unfortunately, given that the basis of the
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electrorheological effect lies not in a permanent dipole moment but in an
induced moment arising from the presence of ionic species or water mole-
cules, this limits the operating temperature of such fluids to the range
10-90°C. Nonetheless, for operation in benign environments, such as seat
dampers or retarders on exercise devices, such an operating temperature
range is not preclusive.

Magnetorheological Fluids

Magnetorheological fluids were first reported by Rabinov from the National
Bureau of Standards in the United States in 1948.% The original application
envisaged was to produce a device such as a slip clutch.

In the case of magnetorheological fluids, the dispersion consists of fine
(but not ultra fine) magnetic particles dispersed in oils, again using conven-
tional dispersants, but also a number of other ingredients as discussed below.
Given a correct formulation for such particles, the dynamic strengths are up
to 100 kPa for fluids in fields of 2-3 kOe and the temperature range from
—40°C to 150°C. These figures must be compared to the much lower 3-5 kPa
for electrorheological fluids. This significantly larger yield stress value for
magnetorheological fluids derives from the fact that the net polarizing
moment per unit volume of a magnetic material derives from its bulk,
whereas the electrorheological effect derives only from the surface of the
particles and, hence, the effective charge density in the two cases is signifi-
cantly different.

However, in contrast, the structure of magnetorheological fluids is of
necessity more complex. Ideally, it is desirable to use the largest particles
possible since the force between them depends upon the product of their
volumes. However, in practice, such particles tend to agglomerate irrevers-
ibly and normal dispersants are unable to resist the forces of attraction
between the particles. There are a number of strategies to overcome this
difficulty, one of which is to use dispersants, which are thixotropic agents,
and a number of reports of such materials can be found in the literature,
e.g., Weiss et al.* An alternative strategy is to incorporate thixotropic agents
into the dispersion such as clay particles, which prevent the magnetic par-
ticles coming into close contact and, hence, prevent irreversible changes in
the microstructure of the material.

Structure of Magnetorheological Fluids

Small magnetic particles in the nanosize range (d < 25 nm) are too small to
support a normal magnetic domain and, hence, exist in a single domain state
effectively behaving as tiny permanent bar magnets. The origin of this effect
and the critical size for this behavior varies from material to material, but is
generally well understood.> Larger magnetic particles typically of dimension
1-100 um contain a number of magnetic domains that are oriented in such
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FIGURE 5.1
Dispersed magnetic particles each containing a single magnetic domain.

a way that the external field generated by the particle is minimized. Such
an arrangement of domains is termed flux closure and means that such
particles have no net magnetic moment in a similar manner to bulk materials.
These two different types of magnetic particle are shown schematically in
Figures 5.1 and 5.2.

In the presence of a magnetic field, single domain magnetic nanoparticles
will experience a force of attraction and, therefore, will come together leading
to a magnetorheological effect as large scale structures are formed. However,
due to the permanent nature of the magnetic dipole, such particles will tend
to adhere together and normal dispersants will not be able to prevent such
irreversible agglomeration taking place. In order to prevent irreversible
agglomeration, much smaller particles must be used, although in this case
the energy of interaction between the particles given by Equation 5.1 below
reduces significantly due to the fact that it derives from the volume of
material and, therefore, the magnetorheological effect resulting is signifi-
cantly smaller. Such materials have been developed some years ago but have
not found wide application.

As can be seen below the energy of interaction, E; (in cgs units) is simply
given by the product of the magnetic moments 1, and i, of the particles and
follows an inverse cube law. Given that the magnetic moment of a material
is determined by the product of the saturation magnetization M, and the

L

FIGURE 5.2
Dispersed multidomain magnetic particles exhibiting flux closure configurations.
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particle volume V,

E=H (5.1)
T
M?ViV,  Mn*DiD3
E= = 5.2
re 3br® (5-2)

From this simple expression it can be seen that the energy of interaction
from which the force derives varies as the 6th power of the diameter and,
hence, the diameter alone becomes the critical property together with the
saturation magnetization, which should also be maximized.

Fortunately, the material with the highest saturation magnetization is also
one of the most economical, i.e., elemental iron. Micron size particles of iron
are available commercially from a number of suppliers (e.g., BASF Ag prod-
uct.®), although most of the less expensive forms contain some sort of impu-
rity, often carbon, which reduces the saturation magnetization by
approximately 25%. However, fortuitously, the inclusion of impurities such
as carbon also improves the corrosion resistance of such materials, hence,
enhancing the overall stability of the resulting magnetorheological fluid.

When a magnetic field is applied to a magnetorheological fluid containing
micron size particles, the magnetic domains within such particles are readily
removed as the particle seeks to align its moment in the field direction. There
then exists a very strong force of attraction between the particles, which as
indicated above, has to some extent been moderated by the inclusion of
thixotropic agents or filler particles. However, once the field is removed, the
magnetostatic energy of such particles is such that the domain structure is
immediately restored and, hence, no permanent force of attraction between
the particles exists. Of course the balance of the domain structure is never
perfect and there can be some residual remanent magnetization in the sys-
tem. However, in properly formulated materials with the correct particle size
and dispersion characteristics, this remanent value is minimized.

Magnetic Behavior

Figure 5.3 shows the magnetic behavior of such a magnetorheological fluid.
In this case, the material contains 40% volume fraction of elemental iron par-
ticles dispersed in a hydraulic oil. As can be seen from the figure, this material
consists of 5 um particles and appears to saturate in a field of about 4 kOe.

We have examined the magnetic behavior of many such fluids and, while
not shown in the figure, we find that the magnetization is almost completely
reversible for the smaller particles, but for larger particles some residual
remanence is almost inevitable. However, we have also found that under
modest shear, such residual magnetization is removed almost immediately
due to the disorienting effect of the shear forces.
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FIGURE 5.3
The magnetization curve of a typical magnetorheological fluid containing 40 vol% of carbonyl
iron particles.

The form of the magnetization curve that is obtained depends critically
on a number of parameters: the first of these is the particle size. The energy
of a magnetic dipole in an applied field is given by Equation 5.2. Hence,
given that the magnetic moment depends upon the volume, the energy is
greatest for a particle of larger volume and, hence, the magnetization would
be expected to saturate more quickly for larger particles than smaller. Exper-
imentally, this is found to be the case. Obviously, the particle concentration
not only affects the value of the saturation magnetization and hence the
maximum force that can be achieved, but also affects the form of the mag-
netization curve itself. This is because the particles, once magnetized, interact
strongly together. The form of this interaction in such a many-body system
is complex and under certain circumstances can be both magnetizing and
demagnetizing. However, in general, the particle concentration lowers the
initial susceptibility, which after the application of a certain critical field,
becomes very large and the material saturates more readily. Obviously, the
magnetic interaction between the particles is affected, not only by the particle
volume, but also by the interparticle separation, which is itself controlled by
the concentration. Similarly, the degree of dispersion in the colloid also
affects the form of the magnetization curve as particles that are not separated
and dispersed essentially behave as larger particles giving rise to effects
described above. Thus, the magnetic behavior of such colloids is quite com-
plex, although the basic principles of this behavior are relatively simple.

Rheological Behavior

Figure 5.4a shows the variation of the viscosity of the same colloid for which
the magnetization curve is shown in Figure 5.3 as a function of the shear rate.
This graph shows that the material exhibits normal thixotropic behavior as
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FIGURE 5.4a
Viscosity versus shear rate for a typical magnetorheological fluid in zero-applied field.

expected with a slight hysteresis at low shear, again as expected. Figure 5.4b
shows data for the same material under different values of applied magnetic
field. Again, at low shear the thixotropic behavior of the fluid is significantly
enhanced by the presence of the magnetic field. For example, the low shear
viscosity of the fluid in a field of 1.2 kOe is believed to be as high as 10° cP,
whereas the zero shear viscosity in zero field is only of the order of 5000 cP.
Of course, these values have to be extrapolated due to the fact that viscosity
cannot be measured in the absence of shear. Under higher shear conditions,
it is clear that the effect of the magnetic field is less dramatic than it is at
low shear, but nonetheless for a shear rate of 1000 s the change in the
viscosity between zero field and 1.2 kOe is of the order of a factor 5.

Of course, for device application, the variation of shear stress with shear
rate must also be examined. Ideally, one would wish for an almost linear
relationship, which cannot be achieved in a thixotropic fluid. The data in
Figure 5.5 shows the variation of shear stress with shear rate for the same
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FIGURE 5.4b
The effect of applied DC magnetic field on the viscosity of a typical magnetorheological fluid.
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FIGURE 5.5
The variation of shear stress with shear rate for a typical magnetorheological fluid in a range
of applied DC magnetic fields.

fluid as examined in the previous section and shows that an extended quasi-
linear region does occur for shear rates between a few hundred s up to
around 1300 s7!, which is the limit of our measurement capability. Similar
behavior is observed for all values of field although the extent of the linear
region tends to decrease slightly as larger magnetic fields are applied. Given
that the magnetic fields are maintaining a strong interaction between the
colloidal particles, this type of behavior is to be expected. However, the data
shown in Figure 5.5 does indicate that a device with predictable properties
could be made from such a fluid.

Electrorheological and Magnetorheological Devices

Early designs of devices that used electrorheological and magnetorheological
fluids were generally very similar. Considering the simplest case of a small
piston damper, the cylinder of the damper was filled with the appropriate
fluid and a field, be it electric or magnetic, was applied in the region of the
piston. This is shown schematically in Figure 5.6 for the case of an magne-
torheological damper where a small coil has been wound onto the piston to
produce a magnetic field between the piston itself and the mild steel body.
The coil is energized simply by powering through the piston rod and, hence,
the fluid lying between the piston and the casing is expected to exhibit the
magnetorheological effect observed in the measurements on the bulk fluid.
The design of an electrorheological fluid device is essentially similar except
that a very high voltage must be generated between the piston and the casing,
again supplied in some way through the piston rod. In the case of an elec-
trorheological fluid, it is not possible to generate an electric field through the
bulk of the liquid and, hence, only that small portion of the liquid lying
between the piston and the casing can be activated and take part in the
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FIGURE 5.6
Schematic design of a traditional magnetorheological damper.

electrorheological effect. However, for the case of magnetorheological fluids,
this does not apply as it is relatively easy to generate a magnetic field in a
significantly larger volume, particularly when a highly permeable material
such as an magnetorheological fluid is present within that volume.

Hence, a revised design of an magnetorheological damper has been devel-
oped by Liquids Research Ltd. using computer aided design (CAD) tech-
niques to apply a magnetic field to the bulk of the fluid lying within the
piston cylinder. The fluid is then activated directly by the fixed coil and no
power is supplied to the piston itself. A photograph of the device, whose
performance is discussed subsequently, is at Figure 5.7.

Evaluation of a Magnetorheological Damper

A full evaluation of this device has been undertaken using the facilities of
Prodrive Ltd., who have extensive facilities for the testing of dampers. The
Prodrive test rig is fitted with sensors to measure displacement and temper-
ature. A power supply delivering a maximum voltage of 14 volts, with a
current of up to 4 amps, is available to energize the coil. As will be obvious,
these values are almost ideal for automotive application as opposed to the use
of very high voltages which are necessary for electrorheological dampers.
The test rig is capable of delivering piston velocities of up to 3 m/s over
a 200 mm stroke and can measure damper forces of up to 20 kN. The test
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FIGURE 5.7
A novel prototype magnetorheological damper with the field applied to the body of
magnetorheological fluid.

strategy was to determine the damper dynamics and, hence, to determine
the optimum current for the operation of the damper, as well as measuring
the response rate of the damper after the application of a magnetic field, and
determining at least partially the temperature capability of the device.

Damper Test Results—Load versus Velocity

Figures 5.8 and 5.9 show the variation of the load supported by the piston
as a function of the velocity of its movement for a range of currents through
the coil. In all cases, the stroke of the piston is 100 mm. The data in Figure
5.8 shows that the magnetorheological effect saturates for a current of only
1 A through the coil. The higher resolution data shown in Figure 5.9 shows
that, in fact, the vast majority of the magnetorheological effect saturates at
currents significantly less than 1 A, meaning that the device, which is of
similar dimensions to a heavy vehicle seat damper, consumes power at a
rate of less than 10 W. However, the data also shows that there is a significant
zero offset as the velocity of the piston is varied.

The response time of the damper has also been examined using similar
data to that shown above, but monitoring the effect after the current is first
switched on. There is not expected to be any significant rise time in the
magnetic field itself and, hence, any delay in response is due solely to the
effect of the particles aligning with the magnetic field. A summary of the data
obtained appears in Table 5.1 and is displayed graphically in Figure 5.10. The
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An expanded view of the data in Figure 5.8 showing the low-field behavior.

TABLE 5.1

Response Time of the Damper Shown in Figure 5.7 for a Range
of Applied DC Fields and Piston Velocities

Piston Velocity

(mm/s) 1A 2A 3A 4A
100 76 ms 62 ms 44 ms 34 ms
200 76 ms 60 ms 44 ms 40 ms
300 50 ms 46 ms 34 ms 38 ms
400 76 ms 56 ms 44 ms 40 ms
500 86 ms 62 ms 38 ms 42 ms
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The variation of response time for the damper shown in Figure 5.7 with current through the
coil for a range of piston velocities.

data show that the response time reduces dramatically, typically by a factor
of 2 or 3, with an increase in the current through the coil. This is not really
surprising because the interparticle force between the particles is affected by
the presence of the applied field itself as well as by the magnetic moment of
neighboring particles. Hence, while the load-bearing capacity of the damper
is observed to saturate for a current of about 1 amp, the speed of response
can be significantly increased for a current through the coil of 4 amps. How-
ever, in this case, the power consumption has now increased to almost 50 W.
Hence, some compromise of properties is inevitable.

Effects of Temperature

The operation of the damper device has been evaluated at temperatures up
to 80°C. These data are shown in Table 5.2. In this test, the damper is cycled
in simple harmonic motion and the temperature stepped in 10°C intervals.
Temperature causes the peak value of the load to drop as the viscosity is

TABLE 5.2

Damper Performance as a Function of Temperature

Temperature (°C)  Load kN (Extension) Load kN (Compression)

30 4.507 —-6.310
40 3.470 -5.228
50 3.020 —4.777
60 1.037 —4.417
70 0.721 —4.191

80 0.586 —4.011




Magnetorheological Fluids 61

lowered. However, the nature of the simple harmonic motion is maintained,
and the behavior is reproducible and predictable. Of course, the viscosity of
any material changes with temperature and the thixotropic effects in mag-
netorheological fluids give rise to a greater temperature coefficient of vis-
cosity than is the case in normal hydraulic fluids.

An extensive range of other tests has also been done to examine the exact
conditions necessary to control this small prototype damper. Using the
sophisticated control of the test rig removes the zero velocity effect at a peak
velocity of 800 mm/s. Predicting the behavior of the damper, also removes
other effects such as bump and rebound, and the damper rate being propor-
tional to the velocity meant that the load gradients of the damper itself can
be controlled. This is particularly true at low operating speeds.

Other Devices

As indicated in the introduction, a number of other possible devices can be
envisaged. Of particular importance for automotive applications are slip
clutches, which can have significant energy consumption implications for
the control of, for example, the cooling fan on large vehicles and also in the
front to rear differential on 4-wheel drive vehicles. The principle of the design
of a magnetorheological slip clutch is shown in Figure 5.11. A fixed pole
piece with a coil is located in one side of a barrel with a steel flywheel
positioned within the same cavity, which is subsequently filled with mag-
netorheological fluid. Please note that this diagram is schematic and that in
practice, the steel flywheel and the pole piece and coil would be physically

Steel flywheel
Pole piece and coil

Non-magnetic shaft

N

MR fluid

FIGURE 5.11
Schematic design of an Magnetorheological clutch/brake.
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much closer together. It should also be noted that such a device is already
available commercially from the Lord Corporation of Carey, North Carolina,
and has found application in human exercise machines when operating as
a brake.

When the coil is activated, the magnetorheological effect couples the fly-
wheel to the fixed pole piece, thereby providing variable and extremely well
controlled coupling. Of course, such devices are subject to large centrifugal
effects at high speed and special design considerations must be applied in
order to limit these effects, which can destabilize the magnetorheological
fluid. One example of a possible solution to this problem is the design of
labyrinthine plates within the slip clutch arrangements.

Summary

This chapter has described briefly, the historical development of magne-
torheological and electrorheological fluids, which are now commercially
available. The similarities and differences between these two classes of sim-
ilar material have been highlighted and the properties of recently developed
magnetorheological fluids discussed. The fundamental mechanisms that
provide the magnetorheological effect and can lead to the production of
materials with long term stability have been described together with both
the magnetic and rheological properties of such materials. A detailed eval-
uation of a prototype magnetorheological damper, such as that used in the
seat mountings of heavy vehicles, has been described together with a brief
description of other possible devices for use in the automotive sector and
elsewhere, such as slip clutches.
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Introduction

During the past decade numerical crashworthiness simulation for vehicle
and occupant safety protection has been greatly integrated into the vehicle
design process, and is now a mature technology. Manufacturers have con-
siderably reduced costly and time-consuming prototype crash-testing pro-
grams, and the physical testing is needed only to validate the design based
upon computer simulations. This has led to a reduction in development time
(from 5 to 3 years on average) and a substantial cost saving (over 30%). In
addition, the simulation-based design has led to consistently improved vehi-
cle designs and a reduction in road deaths of over 30%.

Achieving reduction in fuel consumption and CO, emissions while
improving vehicle performance and safety is a major challenge facing the
automotive industry today. Improvements in aerodynamics, fuel, motor, and
drive chain technology have provided an over 20% reduction in emissions
over the past ten years. However, these potential benefits have been negated
by a 20% increase in average vehicle weight during the same period.
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FIGURE 6.1

Examples of automotive components from high-strength, lightweight materials: (a) an axially
crushed aluminum tube showing extensive metal tearing, (b) a magnesium door, and (c) a high-
strength steel rear axle.

The European Association of Automobile Manufacturers has a stated com-
mitment to limit average output of CO, to 140 g/km per vehicle by the year
2008 (currently 190 g/km).! If this objective is to be achieved, improvements
in all technological areas and, in particular, significant weight reductions, will
be essential. As a result, the industry is increasingly using high-strength metals
(high-strength steels, aluminum, and magnesium [Figure 6.1]) and low-weight
polymers in order to achieve required weight reductions by compromising
neither performance nor occupant/pedestrian safety. It is realistic to expect
low-weight materials to reduce average vehicle weight by 15%—20%, which in
turn will reduce fuel consumption by 0.5-1 Ltr/100 km. This is estimated to
reduce considerably the total CO, emissions (by 30%) over the lifetime of the car.

The present commercially available software for numerical simulation of
car crash events have proven remarkably reliable for designs based upon
conventional ductile steels in which the principle response to impact loading
comprises large inelastic material deformation and structural bending, buck-
ling, and collapse of sectional members.2 However, the algorithms employed
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in such software are struggling to predict the dynamic material failure
(including crack propagation) observed in experiments with newly utilized
high-strength steels or lightweight metallic and nonmetallic materials for
automotive applications.> These materials respond to dynamically applied
loading by illustrating considerably lower ductility when compared to con-
ventional automotive steels, thus changing the principal structural response
to impact loading. Similar difficulties are encountered in predicting failure
in jointing systems, which also play a significant role in crashworthy designs.”
Consequently, present simulation results are not adequately predictive. As a
result, in order to avoid a return to costly prototype-based designs, it is
imperative that failure modelling capabilities are improved if effective utili-
zation of advanced materials is to be continued without compromising safety.

Adopted Methodology

In order to enable progress toward improved predictive modelling of defor-
mation and failure of lightweight materials subjected to impact loading, the
following integrated experimental/numerical methodology has been
adopted by researchers in industry and academia interested in automotive
crashworthiness.

1. New experimental programs for selected advanced materials must
be devised in order to provide required information on the depen-
dency of material behavior to process history, temperature, and rate
of loading. Such programs must encompass intelligent-selective test-
ing rather than mass testing, and must provide manageable proce-
dures and necessary data that enable determination of required
constitutive parameters. New methodologies must be established to
characterize the deformation and failure of jointing systems.

2. New constitutive models that can include process history, tempera-
ture effects, and can adequately describe the evolution of material
state at required scale during loading, must be developed and imple-
mented into existing software. Appropriate criteria for crack initia-
tion and crack propagation (transition from continuum to
discontinuum) must be incorporated into constitutive models and
novel techniques, just as automatic remeshing around evolving dis-
continuities must be used for improved accuracy. Extensive valida-
tion against experimental data should be carried out during
development and implementation in order to ensure that mathemat-
ical models adequately represent the observed physical behavior.

3. Inverse modelling techniques must be employed to fully quantify
the response of different materials to impact loading with respect
to newly developed numerical algorithms, as not all constitutive
parameters will be directly measurable in experiments.
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The development framework representing the basis of such design meth-
odology can be described as an iterative process, part of which can be greatly
automated by employing inverse modelling techniques based upon opti-
mization and stochastic analysis. An example of such development frame-
work for research into behavior of automotive materials subjected to impact
loading is illustrated in Figure 6.2. In this approach, the investigation starts
with small-scale laboratory experiments in order to provide both qualitative
and quantitative information on the observed behavior. The next step com-
prises the theoretical (mathematical) abstraction of the selected phenomena
and is followed by development and implementation of numerical algo-
rithms into chosen computational modelling framework. Direct comparison
between the results of experimental measurements and numerical simula-
tions can be used to determine non-measurable modelling parameters, and
can also provide information on the accuracy of newly developed numerical
modelling tools.

Moreover, the inverse modelling for identification of nonmeasurable mod-
elling parameters can establish the adequacy of newly developed algorithms
for solving given problems. This follows from the ability of optimization
and stochastic methods to separate regions within analyzed parametric
spaces if the employed models cannot adequately represent the observed

behavior.
%1 |

~| Experimental | | Modify |
| Theoretical | | Modify |

| Data for numerical

v

Numerical modelling

Experimental

FIGURE 6.2
Integrated experimental/numerical approach to predictive modelling of deformation and
failure of automotive materials.



Impact Loading 67

Research Focus

Experimental Focus

In order to describe the behavior of automotive materials subjected to impact
loading, a set of loading rigs should be employed that can generate material
states similar to those in components of structures involved in impact. This
mainly means enabling the application of loading at strain rates between
10* s to 1500 s. These are the typical limits observed in instrumented car
crash events and their numerical simulations. In order to replicate the
observed phenomena in laboratory conditions, the classical quasi-static
(screw-driven) and dynamic (servo-hydraulic) loading rigs should be com-
plemented by a split-Hopkinson-bar (SHB) apparatus (Figure 6.3) that can
deliver loading at strain rates of up to 10* s™. In the case of automotive
materials, the development of experimental techniques capable of delivering
loading at high rates of strain involves working with specimens obtained
from rolled materials and, as such, comprises numerous challenging tasks
from gripping the specimens to interpreting the results of measurements.
The use of all three types of loading rigs enables loading at three distinct
rates of strain, which in the case of a typical automotive steel alloy, results
in a behavior illustrated in Figure 6.4. Significantly different behavior is
observed when aluminum alloy is tested at the same conditions (Figure 6.5).
Aluminum does not show any relevant rate dependency at levels of strain
below the onset of material instability (necking). The rate dependency is
observed in terms of an increase in strain at specimen fracture.

Numerical Focus

The constitutive modelling of deformation and failure of materials subjected
to impact loading will be as accurate as the discretization models allow. This
is due to the inability of constitutive models to provide adequate predictions

Loading
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Stram gauges Specimen —utPutbar
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FIGURE 6.3
Tensile split-Hopkinson-bar apparatus.
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FIGURE 6.6
An example of large-scale crash simulation.

if forced to operate at representative volume element sizes considerably
larger than the scale at which the processes characterizing the observed
physical phenomena happen. For example, the required size of representa-
tive volume element needed to adequately simulate linear elastic and mod-
erate strain inelastic behavior of steel automotive components, may be of
the order of 1-5 mm. On the other hand, if the modelling of localization and
failure is attempted in the same material, the size of representative volume
element should be of the order of 0.05-0.1 mm. This poses high demands
on the manufacturers to provide extreme computing power capable of large-
scale crash simulations, as illustrated in Figure 6.6.

£=1500s""
£=100s™
£=10"s™

In addition, the large scale crash models will not predict accurately the
material response unless the process history is taken into account in simu-
lations. This means that a set of complex modelling operations is needed
that will enable mapping of the existing results following forming (stamping)
simulations onto crash models. This way, the material states in structural
components are taken into account, thus reflecting the variability in material
responses depending on the process history.

The constitutive parameters for use in crash simulations can be obtained
from experiments on specimens obtained from virgin and processed material
samples. Alternatively, the constitutive models used in simulations of form-
ing processes should provide all required information needed by the consti-
tutive models used in crash simulations.

The most critical aspect of numerical simulations of the behavior of light-
weight automotive materials subjected to impact loading is the ability to
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define the total energy absorption capabilities of employed materials. This
is directly related to the failure in materials through cracking and fracture
at which point the materials lose their capability to dissipate energy through
inelastic deformation. The ability to predict cracking and fracture in ductile
lightweight materials represents the key to design for crashworthiness of
automotive structures. In order to estimate accurately the total level of energy
absorption, the failure criteria (discrete and continuous) must fully satisfy
the energy principles of thermodynamics in which the formulations of dis-
sipation potentials must be fully validated against experiments. The devel-
opment of failure criteria for both quasi-brittle, as well as ductile materials
within the widely available finite element simulation software, is a challeng-
ing research task satisfactory solution of which is not yet available. This is
mainly due to the violation of the main assumption of the homogeneity of
deformation within the representative volume element employed by the
continuum mechanics and finite element method.

Summary

The behavior of selected automotive materials subjected to high-rate loading
has been described in the context of computer-aided design for automotive
crashworthiness. The capabilities of currently used laboratory equipment
and numerical simulation tools have been outlined in order to provide an
overview of the design methodology presently employed. The focus is
placed on evaluating the response of the materials rather than the structure
to impact loading in an attempt to quantify the capacity to dissipate kinetic
energy during crash events.

At times when environmental issues play a dominant role in engineering
design, the consideration of lightweight materials represents one of the log-
ical steps toward low fuel consumptions and reduced CO, emissions. How-
ever, the introduction of lightweight materials requires rethinking of the
currently employed design procedures, as the simple substitution of new
materials into traditional structures does not automatically bring satisfactory
results. Such a radical step is only possible if adequate experimental and
computational supports are available, both of which also have to be modified
and adapted during the redesign process.
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Introduction

The modern automobile relies heavily on advanced electronic systems for
vehicle performance and control, performing functions such as fuel injection
and emission control, anti-skid braking, active suspension, and electronic
transmission control (see Figure 7.1). A recent study by the Freedonia group
estimates that the growth for automotive electronics alone will increase from
$1,208 per vehicle in 1999 to $1,864 per vehicle in 2009.! While some of this
increase is due to the evolution of telematic systems, most of this growth
will be due to hybrid vehicle electronics, collision avoidance and protection
systems, electronic steering and vehicle stability, and powertrain manage-
ment with the incorporation of new systems like drive-by-wire control
systems (throttle, steer, brake, shift, and suspension by wire), collision
avoidance systems (automatic braking, steering, and throttling with radar),
and advanced energy systems (42 volt, fuel cell controllers, and advanced
energy converters).? This accelerating trend toward more advanced electronics

73
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Engine and power train Passenger comfort
Electronic fuel injection Climate control
Electronic control unit (ECU) Powered seat adjustment
Transmission control Electric windows

Cruise control Door lock control

Cooling fans Air purifier

Signal comms and wiring
Multiplexed communications system
Starter, alternator, battery monitoring

Chassis and safety Displays and audio

Active 4-wheel steering Navigation system

Active control suspension Sound system

Anti-lock braking (ABS) Mobile telephone

Traction control Television

Vehicle stability control Internet access
FIGURE 7.1

Electronic systems in a modern automobile.

will increase the use of vehicle electronics systems to an unprecedented
level 3

This unprecedented technological growth in automotive electronics is best
illustrated by the evolution of one particular subsystem—powertrain man-
agement. Engine and transmission management controllers now support
increased feature content, with additional “smart” subsystems added to
provide detailed and fast electromechanical interfaces.** Modules like volt-
age regulators, airflow meters, power switching, and smart solenoid switch-
ing systems help the electronic control systems to monitor powertrain
performance and adjust mechanical operations.

This trend to smart sensing, processing, switching, and driving provides vehi-
cle suppliers with two strategies for the overall systems electronics. One option
is to develop a very complex powertrain controller module capable of monitor-
ing and adjusting a large number of inputs and outputs in real time. This option
is becoming increasingly difficult as systems require more feature content, which
in turn, increases module packaging size and increases vehicle wiring.

Another, more attractive option, is to create a number of smart powertrain
modules each performing a series of specific operations. Many companies
are now moving to these types of systems (called distributed controls), which
use a series of “mechatronic modules” and smart actuators in conjunction
with a smaller central controller unit. Such systems are integrated through
a communications bus (e.g., CAN), giving more direct operational capability
for the controller system. Besides reducing the overhead of the local control
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TABLE 7.1

Typical Temperature Ranges Encountered by Mechatronics in a Modern
Automobile

On engine 150 to 200°C

In transmission 150 to 200°C

On wheel—e.g., ABS sensors 150 to 250°C

Cylinder pressure sensing 200 to 300°C

Exhaust gas sensing up to 850°C with ambients up to 300°C

algorithms in the PCM, this architecture also reduces the associated complex
wire harnesses and connectors running over the vehicle. Reducing wire
harnesses and connectors decreases cost, weight and EMI problems, signal
attenuation, and delay, which also decreases the reliability risk associated
with wiring harnesses and connectors.”-!> Unfortunately, many of these
mechatronic modules are located in hot locations requiring high temperature
electronics (HTE) such as on-engine, on-transmission, and perhaps soon,
on-wheels for brake-by-wire and steer-by-wire. Table 7.1 provides a general
range for temperatures in potential mechatronic locations. In addition to
temperature, automotive mechatronics must also exhibit high vibration and
shock tolerance, and high reliability.

Market Perspective

The automotive sector represents the largest potential single market oppor-
tunity for high temperature electronics.’® High temperature electronics com-
ponents could significantly improve system design and enhance fuel
efficiency leading to overall higher performance vehicles. However, the auto-
motive sector represents the most stringent pricing pressure of any market
likely to be covered by high temperature electronics. In addition, demands
on the reliability of the high temperature electronics component should not
be ignored—most car manufacturers demand components that last the life-
time of the vehicle, which is not insignificant.

Nevertheless, since the total available automotive electronics market is so
large (ca. > $14 billion/year), even a small fraction of this represents a large
market opportunity (currently ca. $120m rising to ca. $550m by 2008) to high
temperature electronics providers, as shown in Figure 7.2. However, much
development needs to be undertaken not only in basic component architec-
tures, but also on mass production technologies for high temperature elec-
tronics before any significant penetration can be achieved.

Advanced automobiles are already heavily reliant on electronics and sen-
sors. These include sensors for engine speeds, angular position, ABS, exhaust
gas, power steering, engine condition monitoring, and electric windows. High
temperature electronics to be co-located with the sensors is currently being



76 Automotive Engineering: Lightweight, Functional, and Novel Materials

350
300
250

200

$M

150

100

50

Engine
control

Transmission

control ABS

Active
suspension ~ Wheel speed

FIGURE 7.2
The automotive market for high temperature electronics.

developed. Furthermore, high temperature mechatronic systems will become
more common, offering improved safety and comfort, and reduced costs.
The major market driver for the development of high temperature electronics
for the automotive market sector is legislation to reduce emission and improve
engine efficiency and, hence, economy. Another driver is to reduce manufac-
turing costs for the automotive manufacturers (see Figure 7.3). As a conse-
quence of increased utilization of high temperature electronics in automobiles,
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FIGURE 7.3

Rationale for high temperature electronics development in the automotive sector.
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there will be consumer benefits with improved reliability and increased effi-
ciency that should work to reduce the average cost of ownership in terms of
both reduced running costs and reduced maintenance requirements.

Module Technology

Currently, most harsh environment electronics are designed to withstand a
temperature range of —40°C to +125°C. These systems must also typically
meet automotive vibration requirements while exceeding 10 years and
100,000 miles of operation. To limit the effects of the vehicle environment,
electronics modules are often separated from the mechanical systems, which
they control. Locations like vehicle firewalls (Figure 7.4) and fender wells
offer the ability to sink module-generated heat while reducing exposure to
temperatures created by the mechanical systems, and allowing some access
to airflow available under-the-hood.

Unfortunately for designers, future vehicle electronic modules will be
physically integrated with the mechanical systems they are intended to
control. This will eliminate many of the module separation opportunities,
and will place the electronics directly in the thermal generation areas of the
mechanical systems and subject them to increased temperatures (Figure 7.5).

The next generation of automotive electronic control units (ECU) is
expected to be mounted close, or directly onto, the actuator—this means, for
example, directly at the engine, into transmission, or near the brake disk. This
localization of electronic control units represents the evolutionary step from
the distributed mechanical system toward a functional integration of
mechanics and electric with electronics.

FIGURE 7.4
Electronic control on firewall.
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FIGURE 7.5
Typical under-hood temperatures.

For engine controllers, various reasons suggest having the electronic con-
trol unit closely mechanically coupled with the engine itself (see Figure 7.6):
lack of space in the engine compartment, reduction of wiring length and
complexity, reduction of EMI/EMC related problems, improved intake air
cooling action. The economical and logistical impact of treating the engine
as self-standing component-ready, and fully tested and calibrated, for pro-
duction at the end of the assembly line are also significant.

With respect to gasoline engines, the control of the intake/exhaust
valves, by means of sophisticated electronic systems, will be mandatory
for further emissions reductions. Due to the large amount of electrical
power to be managed and the request for miniaturization, HT solutions
are under evaluation. In order to increase torque, performances and efficiency
of thermal engines, the functionalities of starter and generator/alternator
(see Figure 7.7) are going to be integrated and realized within one electrical
machine (multifunctional starter and generator). Hence, various features will
be allowed, such as: start-up directly, start/stop, continuous power generation,

FIGURE 7.6
Engine-mounted electronic control unit for diesel common rail application.
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FIGURE 7.7
Multifunctional starter—generator system.

energy recovery, and lowering idle-speed. The power electronic control unit
required for the management of the machine will be installed in a position
that optimizes losses and physical connections (wire harness).

The Train Control Unit (TCU) also represents an advanced mechatronic
system for automatic gearbox control, directly mounted inside the gearbox,
able to operate in harsh environments (Figure 7.8).

Silicon Development

Due to the strict low-cost requirements in the automotive industry, only
silicon-based solutions seem to be promising for mass production targeting
the high-volume, cost-sensitive automotive market. From this point of view,

Mounting Location: Inside Gearbox

O Ambient Temperature
T, < 110°C: 4000 h
110°C < T, < 125°C: 1000 h
125°C < T, < 135°C: 100 x 1.0 h
135°C < T, < 140°C: 30x0.5h
T, up to 160°C for next generation

Q Vibration
- Acceleration up to 30 g
- Single shock: 100 g

U Further Conditions
- Limited mounting space
- Resistance to ATF required
Mechatronic TCU (prodmod) (Automatic transmission fluid)
mounted inside gearbox

FIGURE 7.8
Mechatronic Train Control Unit.
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wide-bandgap semiconductors do not represent an affordable solution for the
short-medium term. However, with respect to silicon-based technology, sili-
con-on-insulator (SOI) is rapidly growing and, as a consequence of this rapid
growth, the cost of silicon-on-insulator devices is becoming more attractive.
Some components in silicon-on-insulator are already available on the market
(e.g., CAN controller) because of their robustness and immunity to noise, in
addition to the well-known behavior as a function of temperature. To reach
the demanding cost target in the automotive, standard designs and silicon
CMOS bulk-technologies will be reused as much as possible, by high temper-
ature hardening. As pCs, signal integrated units (logic, memory), ASICs and
related driver integrated units are key components for the realization of con-
trol units, the following activities will be performed by major silicon makers:

e Adaptation of CMOS technologies for the realization of 16/32 bit
uC for T, 2 150°C

* Process steps tuning and optimization of threshold voltage

® Library optimization for high temperature (design, layout, specific
cell)

¢ Evaluation and realization of test technologies/equipment for HT
applications

e High temperature technology qualification
* Evaluation and validation of high temperature bonding metallizations

The evolution of bare die (as well as packaged) components operating at
temperatures well above 125°C° is described in Figure 7.9. The development
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FIGURE 7.9
Evolution of packaged components versus bare die/FC as a function of temperature in the
automotive.
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TABLE 7.2

Bare Die: Proposal for Temperature Requirement over
Operating Time (Lifetime = 15 years, Operating Time =

400-600 hr)
Temperature (°C) Operating Time (%)
-40 to 80°C 10
80 to 110°C 80
110 to 140°C 9
140 to 150°C 1

of electronics and packaging systems with an extended temperature range
above 150°C require the adaptation of present packaging and interface tech-
nologies. In particular, the development and evaluation of those technologies
to fulfil requirements, like die attach, chip size packaging, flip-chip assembly
(solder bumping), underfillers, and HT molding (green plastic package) will
be needed together with a realistic temperature requirement over operating
time (the so-called mission profile, see Table 7.2), as well as acceptable
methodologies for testing and reliability assessment.

Packaging and Interconnection Technology

Existing packaging and interconnect technologies do not meet the increased
requirements of higher temperatures and harsh environments found in auto-
motive applications. New technologies, i.e., other materials and adapted
production processes, must be developed. An exchange of technologies is,
however, to be expected, especially in the following areas: wire bonding,
substrates, soldering or gluing, and encapsulation. The main issues for pack-
aging materials operating at higher temperatures are:

Adaptation of material combinations with respect to their coefficient of
thermal expansion (CTE). This is necessary to reduce mechanical stress
caused by thermal mismatch.

Thermal stability of the used materials. This means for metals and their
alloys not only the resistance against any kind of oxidation, but also against
the formation of critical intermetallic phases. The plastic materials must not
be degraded by cracking their chemical composition or by changing their
structural arrangement.

With respect to packaging issue in general, there is a clear trend toward a
progressive miniaturization obtained through area array devices, due to high
density integration. HT applications will be dominated by bare die, but the
increased rigidities of the packages, and interconnection will require actions on
reliability (e.g., underfilling). LTCC substrates have been mainly used so far in
ABS applications, where good thermal resistance combined with the capability
to withstand high operating temperatures compared to organic boards, are
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Packaging evolution and HDI technology for automotive.

required. The thermal conductivity can be further improved using thermal vias
in the substrate for direct heat paths. Flip-chip assembly using thermal bumps,
in addition to the electrical contacts, will improve the thermal management.
Due to the smaller difference in the coefficient of thermal expansion of silicon
and LTCC compared to organic materials, a reliability improvement can be
expected, as well as the decreased water vapor. The DBC technique is often
used in power applications where heat transfer and ohmic electrical character-
istics are key parameters (e.g., ignition, injection, electrovalves control).

The advent of high density interconnection technology from telecommu-
nications (see Figure 7.10) based on advanced organic materials, will enable
the highest amount of connections on the circuit board in the form of
microvias. The characterization and optimization of high density intercon-
nection for automotive will represent a major step toward an innovative
technology, thus enabling a substantial miniaturization of the electronics
systems: the application temperature is limited by base material (T, of epoxy
resin, solder mask) and adhesion strength of laminates.

By selecting and evaluating new materials, new standards proposed by
the EU have to be observed. In the case of printed circuit boards, halogen-
free nonflammable materials have to be considered, as well as recycling issues
(WEEE directive).

Assembly Process

Robust interconnect technologies are needed to realize electronic systems that
are capable to withstand high temperatures. The development and character-
ization of suited substrates (organic or ceramic) are the basis for assembling
electronic control units. In addition, solder materials, as well as soldering tech-
niques, have to be provided that fit well into existing manufacturing processes.
It is most likely that these solder materials are lead-free solders. Finally, an
adequate housing technology has to be selected and qualified to protect the
electronics from the environmental impacts, and to dissipate the heat generated
by the components. If active cooling is involved, the housing has to be an
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efficient interface to the cooler. Thermal simulation is needed to find out if the
requirements of the specific application are met by packages, substrates, and
interconnect technology. Once the automotive electronic system has been con-
ceived, several types of devices and packages must be assembled onto the same
substrate. Hence, interconnect technologies will have to contact:

* Logic devices (high number of inputs and outputs and fine pitch)

e Lower components (high currents, low impedance, back side
potential, heat removal)

¢ Passive components (high mass leads to vibration and causes severe
mechanical stress)

I
Reliability

The required lifetimes for electronic components in automotive applications
range from typically 5000 hours for passenger cars to 20,000 hours for com-
mercial vehicles. Specified failure probabilities for electronic control units
typically vary between 100 and 500 out of 1 million in 10 years. Some typical
results are shown in Table 7.1
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FIGURE 7.11
Requested number of tested specimen hours to obtain a failure rate of 10 fit at 125°C.
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In order to ensure a certain level of quality and reliability, defined stress
conditions for the qualification testing of devices for automotive applica-
tions have to be performed. These accelerated tests comprise electrical,
environmental, and mechanical procedures like latch-up, electro-thermal
induced gate leakage, temperature cycles, autoclave, temperature-humidity
bias, power temperature cycling, solderability, bond shear, vibration,
mechanical shocks, etc. Developing related test standards requires the
knowledge of the underlying failure mechanisms. Generally, these mecha-
nisms are investigated by accelerated testing and, subsequently, acceleration
factors are calculated.

On entering the high temperature regime, further acceleration by simply
increasing the temperature becomes a questionable approach. It is still uncer-
tain whether such a methodology can be applied without changing the
failure mechanisms. In the future, new applications will run closer to the
physical limits of the devices and systems. This means that current qualifi-
cation tests will no longer be sufficient for some applications. Since there is
reduced safety margin for accelerated testing, new procedures for qualifica-
tion must be developed. Ideally, these new qualification tests should also
result in an overall reduction in the qualification effort by, for example,
employing simulation.

Summary

The automotive sector represents a critical driver for the wider scale adoption
of high temperature electronics. Even though the temperature range encoun-
tered in automotive applications only extends the operating environment to
a maximum of 150°C for the active electronic components, there is still a
considerable number of problems to overcome, including;:

¢ Fundamental component performance
e Component availability

¢ Packaging

¢ Reliability testing

Currently, most development is undertaken in disparate groups offering
bespoke solutions. However, a number of networks are being established to
try to focus regional or national efforts, and one global network, HITEN,
performs a critical integration role.

The future for high temperature electronics is inexorably tied to the auto-
motive sector. However, it is clear that the majority of automotive applica-
tions will be satisfied with incremental improvements to bulk silicon
technology, with development dominated by cost considerations.
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Smart Context

Smart technologies, which encompass both smart materials and smart struc-
tures, are creating a sea change in engineering practice. Their fusion of
conventional structural materials with aspects of information technology
offers the prospect of engineering systems that can sense their local environ-
ment, interpret changes in this environment, and respond appropriately. This
offers the possibility of engineering structures that can operate at the very
limit of their performance envelopes and to their structural limits without
fear of exceeding either; structures that can give maintenance engineers a
full report on their performance history, as well as the location of defects,
and structures that have the ability to counteract unwanted or potentially
dangerous conditions, and even in the future, effect self-repair.

Smart technologies are currently under serious development in a range of
sectors, including health and usage monitoring systems (HUMS) in aero-
space and civil infrastructure, vibration control of buildings and pantographs
on trains, and noise reduction systems in turboprop aircraft. They have even
penetrated the sporting goods market, with skis incorporating adaptive

87
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vibration control, and the consumer product market with the launch of
Russel Hobbs” Smart Thermocolor™ electric kettle.

Smart Technologies

The terms “smart structures” and “smart materials” are much used and
abused. It is beyond the scope of this chapter to discuss the philosophical
features of either term in any depth, however, it is important to take a clear
view on the scope of technologies associated with this field. A useful starting
point here is Culshaw’s analysis, which concludes that single materials can
never be construed as smart, since any single material can only “respond to
external influences without any implicit or explicit information reduction
potential. That is, the output from a single material can, at best, be a one-
to-one function of an input stimulus, at worst it is a multi-valued function
of the input stimuli. . . . Any claim for a material to be smart must then
unavoidably necessitate the use of hybrid materials (this author’s empha-
sis). . . . to provide the necessary adaptive functions.” This is an important
observation and implies that smartness can only be achieved by assembling
material systems that create the required functionality. This instantly
reveals a common abuse of the term smart material, which is often used
to describe materials with unfamiliar transductions (for example, electric
or magnetic field to strain, temperature to strain, etc.). Although clearly
not smart by this definition, such materials have important functionality
and can, and do, form important parts of smart material systems, as we
shall see.

From Culshaw’s viewpoint, the terms smart material systems and structures
can be used interchangeably depending on the scale of material integration.
Structures typically are used to describe systems close to conventional mecha-
tronics (hybrid mechanical/electronic systems), and material systems are used
when the scale of material integration is higher.

Smart systems can be created from a variety of technologies ranging from
mechatronics using conventional approaches, such as accelerometers and
servo-hydraulic actuators (Figure 8.1), to more integrated systems, which
are currently the focus of much development work. Such highly integrated
systems exploit a range of solid-state sensor and actuator technologies.
These include sensual structures containing optical fiber (Figure 8.2) and
piezo-ceramic/polymer strain sensors and adaptive systems containing
novel piezo-ceramic, electro- and magnetostrictives, electro- and magne-
torheological fluids (Figure 8.3), and shape-memory actuators (Figure 8.4).
Magnetorheological fluids are discussed in detail in chapter 5.

Demonstrator projects exist world-wide, exploring the range of possible
applications for technologies in sectors ranging from aerospace and civil
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FIGURE 8.1
Hybrid mechatronic systems composed of accelerometers and actuators.

engineering to automobile and marine. A common feature of such pro-
grammes is their use of relatively sophisticated technologies; examples
including the use of fiber optic techniques for sensing and actuation based
on functional materials such as piezoceramics, electro- and magnetostric-
tives, and shape-memory alloys (SMAs). The use of such advanced technol-
ogies is symptomatic of the strong technology push that has dominated the
development of this field.

FIGURE 8.2
Fiber-optic strain sensors based on interferometric or Bragg-grating technologies.
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FIGURE 8.3
Magnetorheological fluids—a material with real-time adaptive rheology.

Technology Push or Application Pull?

There is no doubt that the development of smart technologies has been
technology pushed. However, as development of these systems has
increased, there is a greater need to match enabling technologies to the true
requirements of a given application sector. This has not only focused on the
appropriateness of certain advanced technologies for particular sectors—such
as fiber optic sensing in the built environment, but also on the wider issue
of whether smart technology is truly a collection of technologies, or instead
a new paradigm for the design of products and systems. The latter is an

FIGURE 8.4
Shape-memory polymers—thermally driven solid-state actuators.
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important issue since recognition that products can be adaptive offers a wide
range of new and novel design options.

The issue of technology push has had a significant impact on the applica-
tion of smart technologies within the automobile sector. Many smart appli-
cations have been identified, and even developed, in laboratory-scale
demonstrations. These offer an interesting range of case studies on how
appropriate technologies can be matched to the economics of this sector;
where price of the technology, perhaps, dominates over the gain provided
by the technology itself. Successful products will, therefore, be those with a
strong market pull, where there is a good match between performance,
technology, and price.

Smart Materials and the Automobile
Early Applications

In early smart automobile applications, researchers explored a range of prod-
ucts based on the mechatronic systems, which were at the time, increasingly
dominating development programs. For example, exploiting fundamental
work on the vibration control of large-scale structures, lateral thinking
designers created applications, such as the wiperless windshield, where
sensors detected rain, and piezoelectric actuators vibrated rain drops from
the shield. Innovative, but often of limited utility, these systems, usually
failed to transition to commercialization, although some elements of such
systems (such as rain sensors) have eventually found application in auto-
mobiles.

At the same time, materials with unusual transductions, such as shape-
memory alloys (SMAs), electro- and magnetorheological fluids, and photo-
chromic glasses, became the focus of development programs for systems,
such as active ride control, passive climate control through adaptive solar
gain, and simple active control valves. From a technological viewpoint, these
applications are interesting since they have proved technically feasible, and
often a good match to applications. Indeed, a number of them, such as
electrorheological and magnetorheological fluids and shape memory alloys
have reached niche applications in, for example, vibration-controlled seats
for off-road vehicles, and oil-flow valves in automatic gearboxes. However,
these applications have been truly only niche. The use of shape memory alloy
valves in Mercedes Benz’s automatic gearboxes also illustrates another inter-
esting feature of the application of such smart technologies. This is that the
technology should not be seen in isolation, but instead as one solution to the
specific requirements of the application. Here, a wide range of possible tech-
nological solutions—smart and non-smart—compete on price and utility. In
the case of the gearbox application, the smart shape memory alloy component
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finally saw only limited use in one generation of product, due to a competing
mechatronic solution that has continued in service. This tells one that smart
technologies will break through only where there is an appropriate match
between the application and technology, and where the smart solution has
a unique selling proposition. A number of such applications are now emerg-
ing, and one can expect to see more as this new materials design approach
develops further.

Well-Matched Applications

One well-matched automobile application is a return to vibration control,
but no longer for unusual applications, such as windshields, but for active
noise control. Here, the smart structural concept of sensors embedded within
the structure of the automobile and active excitation of components, such as
the roof panel, can be used to cancel noise within the passenger space. This
is a mainstream smart-structural technology, transferred from developments
in the turbo-prop aircraft sector, but appears to meet both the technological
and commercial requirements of the automobile sector.

Perhaps more interesting has been the successful revisiting of technolo-
gies, such as shape memory alloys as actuators to replace electromechanical
systems in components, such as climate control, and as an alternative to
electrochromic rear-view mirrors. Both will shortly enter the market in Fiat
cars where, through good matching between design and material selection,
products such as shape memory alloy actuated electromechanical rear-view
mirrors can be manufactured as a low-cost, but highly effective alternative
to electrochromic technologies; doing to electrochromic materials what has
often been done to shape memory alloys, i.e., producing a competing lower
cost technological option for the same application.

Perhaps most interesting among these case studies is another Fiat concept
that illustrates how the use of the smart adaptive design concept, selection
of smart materials, and their integration into automobile structures offer
the prospective of completely new automobile technologies of great signif-
icance. An example is the active bonnet/hood. Most automobiles will have
great difficulties in meeting pedestrian safety legislation, which will come
into force in Europe in the near future. The smart bonnet is based on other
mainstream smart applications, but is one well-matched to the automobile
sector, producing a system arising from a real and significant application
pull. One solution to the challenge of optimizing an automobile for every-
day use, including good aerodynamics, and that is safer to pedestrians
during accidents, is to actively open the bonnet/hood during impact with
a pedestrian. This alters the shape of the front of the automobile, minimizing
injury to the pedestrian. The active control of such a smart bonnet, the
sensing of impacts, and its functioning only during pedestrian impact—to
minimize both false-positive and negative responses, and the selection of
appropriate sensing technologies—such as piezoelectric polymers—is a
major challenge that has only just begun, but illustrates how automobile
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performance, such as safety, could be improved in the future by the use of
smart technologies.

Future

The automobile sector is only beginning to explore realistically the potential
of smart technologies. In many cases, such applications are substitutional,
replacing more complex subsystems with simpler smart solutions. How-
ever, it is clear from concepts, such as the smart bonnet/hood, that designs
are already looking beyond substitutional applications to novel systems,
where the required functionality is only deliverable through the smart
route. The impact of such step-change designs are often seen in purely
engineering terms, however, the use of smart design is also likely to extend
beyond the conventional engineering domain. For example, the penetration
of smart materials systems into the consumer goods market has already
opened new applications at the interface with industrial design. This area
is of direct relevance to cockpit design within automobiles from both the
ergonomic and industrial design/styling viewpoints. Recent work on smart
seats for aircraft also points to other interesting user-focused applications.
The development of new smart automobile applications, therefore, appears
to be constrained only by the mind-set of engineering and industrial
designers.

Many of the materials used to construct smart systems are already avail-
able off-the-shelf but few of these functional materials have ever been devel-
oped for smart engineering applications—many falling into the familiar
category of “interesting materials looking for an application.” A future driver
in this field will, therefore, be the optimization of such materials for integra-
tion into smart products and, where necessary, their further development to
meet the particular performance requirements of different families of appli-
cations. For example, in automobile applications, under-hood subsystems
could be considerably simplified by the use of solid-state actuators, such as
shape memory alloys, if the operating temperatures of these alloys could be
raised. So, not only is there a future challenge to engineering and industrial
designers, but also to materials engineers and scientists, to ensure that the
enabling materials technologies themselves are optimized to meet the strong
market pull for smart automobile solutions.

Summary

Smart technologies are creating a sea change in engineering practice that
will not leave the automobile sector unaffected. The fusion of conventional
structural materials with aspects of control offers the prospect of a new
design paradigm for automobile materials and structures. To exploit such
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opportunities, we must avoid the attractions of pushing technologies, but
instead take a holistic design approach, responding to market pull by devel-
oping smart technological solutions that best match the needs of the appli-
cation on the basis of technology, cost, and the unique solutions offered by
smart technologies. Such effective matching of smart technologies to auto-
mobile requirements will then offer new solutions in applications ranging
from under-hood and passenger comfort subsystems, to smart noise and
active structural control.



Section 3

Light Metals

Automotive engineering technology roadmaps from around the globe are
unanimous in their call for new materials to allow for the reduction in
automotive weight. Reduced weight improves fuel efficiency and so cuts
emissions. The challenge to ferrous materials by aluminium alloys in struc-
tural applications and body panels has spurred the development of a new
generation of commodity high-strength low alloy and other steels. Nonethe-
less, the fraction of aluminium alloys in automobiles has continued to rise
steadily, along with the increasing penetration of magnesium alloys in niche
applications. This section considers the remaining challenges that must be
met if light alloys are to continue to find increasing use in automotive
structures, displacing ferrous-based materials, as well as the increasing com-
petition from lightweight polymeric-based composites. Key areas for future
technological focus are identified as:

¢ Formability of aluminium and magnesium based alloys
¢ Crashworthiness

¢ Lightweight advanced materials (foams and cored materials)
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Introduction

In recent years, lightening the weight of automobiles is being carried out to
reduce fuel consumption as an answer to the earth-environmental problem.
Above all, the adoption of aluminum alloy sheets to automotive body panels
has been attempted actively in view of recycling of the materials.! When
aluminum alloys are actually used for auto body panels, a measure of eval-
uating press formability is necessary, because it is an important property
together with strength and ductility. Deep drawability in low carbon steel
is greatly influenced by the Lankford value? i.e., the r-value. Aluminum
alloy sheets are also considered to show a positive correlation between the
limiting drawing ratio (LDR) and the r-value under certain conditions® but
the r-value is not necessarily used as an effective measure of evaluating deep
draw-ability. In the case of aluminum alloys, it is possible to express deep
drawability by using the average and minimum of the r-values in the sheet,
(v = (ry + 2ry + 19)/4) and r,,,, and the average of the n-value (work-
hardening exponent), 113. Accordingly, planar anisotropy of the r-value in
sheet materials must be investigated in detail to develop aluminum alloy
sheets with excellent deep drawability.

97
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TABLE 9.1

Tensile Properties and Formability of Aluminium Alloys for Autobody Panels
with Sheet Gauge of 1 mm?®

Alloy and T.S. Y. S. Elongation Olsen Cup
Temper (MPa) (MPa) (%) n-Value r-Value Height (mm)
2002-T4 330 180 26 0.25 0.63 9.6
2036-T4 340 195 24 0.23 0.75 9.1
2037-T4 310 170 25 0.24 0.7 9.4
2038-T4 325 170 25 0.26 0.75 —
5182-O 275 130 26 0.33 0.8 9.9
5182-SSF 270 125 24 0.31 0.67 9.7
6009-T4 230 125 25 0.23 0.7 9.7
6010-T4 290 120 24 0.22 0.7 9.1
6111-T4 290 160 27 — — 8.4
6016-T4 235 125 28 0.26 0.7 —
6022-T4 255 152 26 0.25 0.67 —

SPCC (steel) 315 175 42 0.23 1.39 11.9

Since the r-value is closely related to crystallographic orientation in polycrys-
talline materials, it can be improved through texture control. However, in
annealed aluminum alloy sheets produced by conventional processes, the aver-
age r-value generally exhibits low values (less than 1.0), and it is in the range
of 0.6 to 0.8 for 2xxx, 5xxx, and 6xxx series aluminum alloys for auto body
panels, as shown in Table 9.1.5 This is about half of the average r-value of low
carbon steel. In order to find a possibility of improvement of the r-value, the
relation between texture and the r-value must be exactly grasped by quantitative
texture analysis using crystallite orientation distribution function (ODEF).6

This chapter describes texture in aluminum alloy sheets, relations between
texture and r-value, and the correlation between the r-value and the limiting
drawing ratio. In addition, methods for improving formability of aluminum
alloy sheets are discussed in terms of texture control.

Texture of Aluminum Alloy Sheets

Aluminum alloys used as auto body panels are mainly 5xxx and 6xxx series,
which have relatively excellent formability and corrosion resistance.® These
alloy sheets are usually employed in an annealed (O) or solution heat-treated
(T4) state after cold rolling. Since recrystallization occurs during the heat
treatment, recrystallization texture is related to the r-value of the sheets.
However, rolling texture that strongly affects the formation of recrystalliza-
tion texture is also important in discussing optimum processing for texture
control. An example of recrystallization texture for 5052 and 6061 alloys’ is
shown in Figure 9.1. Both alloys before annealing had similar rolling textures
consisting mainly of the S-fiber of {112} <111> (Cu-orientation) — {123} <634>
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FIGURE 9.1

Orientation distribution functions of (a) 5052 and (b) 6061 aluminum alloy sheets cold rolled
to 90% reduction and subsequently annealed for 3 ks at 573 and 623 K, respectively.

(S-orientation) — {011} <211> (Bs-orientation). Nevertheless, the recrystallization
textures are significantly different in preferred orientations. A 5052 alloy
shows cube texture of {001} <100>, while a 6061 alloy shows retained B-fiber
and cube components. The retained B-fiber is composed of {123} <634> and
{011} <211> orientations contained in rolling texture, and indicates higher
orientation density than cube orientation. From the facts that softening by
recrystallization occurs more slowly in a 6061 alloy than in a 5052 alloy and
a number of pancake-like grains exist in the recrystallized microstructure of
a 6061 alloy, it is speculated that fine particles present before annealing, and
particles precipitated during annealing, inhibit the migration of subgrain
boundaries and recrystallized grain fronts, and consequently, continuous
recrystallization occurs in part. Fine precipitates thus play an important role
in the evolution of recrystallization texture.

Relation between Texture and r-Value

Prediction of the r-value from experimentally measured texture should be
performed to clarify the relation between texture and the r-value. Bunge®®
proposed a method for predicting the r-value from an orientation distribu-
tion function in polycrystalline materials based on the Taylor theory® and
calculated planar anisotropy of the r-value for a low carbon steel sheet.!?
This method is applied to aluminum alloy sheets.
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Let us define longitudinal, transverse, and normal directions in a tensile
specimen as the X-, Y-, and Z-axes respectively, and consider a cube-
shaped volume element with unit lengths put in this frame. Assuming
that tensile deformation results in a macroscopic extension of de along
the X-axis, and macroscopic contractions of gde and (1-g)de along the
Y- and Z-axes respectively, because of volume constancy de, + dg, + de, =0,
a strain tensor E, representing this strain condition is given by

1 0 0
E;=de-|0 —g 0 9.1)
0 0 -(1-9

Since g is a ratio of strain in width to strain in length (0 < g < 1), the
r-value can be expressed by g as follows:

-1
r_l—q (9.2)

Here, we adopt the Taylor model, i.e. an assumption that individual grains
in a polycrystal undergo the same homogeneous strain as macroscopic strain
shown in Equation 9.1 to satisfy the continuity of strain at grain boundaries.
With respect to a certain value of 4, we calculate the Taylor factor M for
orientations g present in the Euler orientation space (¢, @, ¢,) at regular
angular intervals. To determine the Taylor factor of a textured polycrystalline
material, an average of M over the whole orientation space weighted by an
orientation distribution function f(g) is taken by the following equation.

M) = M@, 9)f(g) dg ©3)

A plot of M(q) against g almost always gives a concave curve with the
minimum value in the range of 4 = 0 to 1. Thus, the value of g at a
minimum M(g), namely g,,;, is determined in the same way as a method
by Hosford and Backofen,!' and then the r-value is obtained from g, by
Equation 9.2.

Figure 9.2 shows planar anisotropy of the r-value measured experimentally
and calculated from orientation distribution function shown in Figure 9.1.”
Curves of measured and calculated values are qualitatively similar to each
other for both alloys. Particularly, these values are numerically consistent
for a 6061 alloy. For a 5052 alloy consisting mainly of cube texture, the
calculated r-value, however, indicates a rather lower value at a direction of
45° to the rolling direction than the measured one. This is not essentially due
to the inhomogeneity in texture through thickness and the textural change
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Measured and calculated r-values for annealed 5052 and 6061 aluminum alloy sheets as a
function of angle to rolling direction.

during tensile deformation, but is probably due to the inadequacy of a model
used for calculation. Since locally inhomogeneous deformation tends to take
place actually in Al-Mg alloys, such as a 5052 alloy, the conventional Taylor
model supposing homogeneous strain, namely the full constraints model
(FC model)’ seems to be rather unsuitable for prediction of the r-value in a
5052 alloy.

Therefore, it is necessary to calculate the r-value by the relaxed constraints
model (RC model)'? that relaxes some shear strains from a constrained state
with shear strain components of zero in Equation 9.1. The authors predicted
the r-values in ultra-low carbon steel sheets using the relaxed constraints
models with various relaxed shear components, and reported that the relax-
ation of constraint in a shear strain component y,; perpendicular to the tensile
direction was necessary for exact estimation of the r-values.’®> Here, the
subscripts 2 and 3 mean transverse and normal directions in a tensile spec-
imen, respectively. In aluminum alloys as well as steel, the relaxed con-
straints model on the y; component has been employed to obtain better
agreement between measured and calculated values, provided that 7, is not set
quite free, but | ;1 is set between 0 and 0.5. Some results in annealed 5052 and
6061 alloys are shown in Figure 9.3. For a 5052 alloy, the r-values calculated
by the relaxed constraints model are, on the whole, closer to the measured
r-values than those by the full constraints model, whereas for a 6061 alloy
the r-values calculated by the full constraints model are closer to the mea-
sured r-values. Thus, the r-values of 5xxx series Al-Mg alloys, which are of
the solid solution strengthening type, may be successfully estimated by the
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FIGURE 9.3

Comparisons between r-values calculated by the relaxed constraints (RC) and full constraints
(FC) models for aluminum alloy sheets cold rolled to 90% reduction and annealed under
different conditions. (a) 5052 alloy annealed at 573 K for 500 s, (b) 5052 alloy annealed at 543 K
for 1 ks, and (c) 6061 alloy annealed at 623 K for 500 s.

relaxed constraints model on shear strain p, rather than the full constraints
model, because they tend to be deformed inhomogeneously.

In order to reveal what orientations are effective in improving the r-value,
planar anisotropy of the r-value for various ideal orientations with Gaussian
distribution® has been estimated using the full constraints model.” Figure 9.4
shows the calculated results for representative orientations observed in
rolled and recrystallized aluminum alloy sheets. A {111} <110> orientation
observed occasionally in the surface region of a sheet possesses excellent r-
values at any direction. It is, however, difficult to develop this orientation
through sheet thickness. For cube orientation {001} <100>, the r-value is
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Calculated r-values for typical ideal orientations with Gaussian distribution of ¢, = 10° as a
function of angle to rolling direction.

approximately 1.0 at directions of 0° and 90°, but indicates fairly low values
at other angles, especially zero at a direction of 45°. On the contrary, the r-
value of R-orientation {123} <634> is about 4 in the range of 30° to 60°, and
is not so low even at 0° and 90°. Bs- and Cu-orientations as well as R-
orientation indicate fairly high r-values in the vicinity of 45°. From this figure,
it is obvious that retained rolling texture components such as {123} <634>
are effective for obtaining high r-values by realizable orientations.

Correlation between r-Value and Limiting Drawing Ration

The influence of the r-value and n-value on limiting drawing ratio (LDR)
has been examined experimentally and theoretically>!* limiting drawing
ration somewhat increases with increasing n-value when the r-value is
constant. Since the n-value does not change so much for annealed aluminum
alloys, there is slight influence of the n-value on limiting drawing ratio. On
the other hand, limiting drawing ratio seems to increase with increasing 7-
value for aluminum alloys. As described at the beginning, the r-value of
usual aluminum alloys is in a narrow range from 0.5 to 1.0, so that it is
difficult to find a positive correlation between the r-value and limiting
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FIGURE 9.5
{111} pole figures for (a) normal and (b) 22° tilted samples of 1100 aluminum hot rolled at the
starting temperature of 803 K and annealed at 623 K for 300 s.

drawing ratio experimentally. Consequently, it is unclear whether an increase
of the r-value leads to the improvement of limiting drawing ratio.
Al-4.3% Mg alloys containing iron of 0, 0.1, 0.3, and 0.8% were prepared
to change the recrystallization texture by an effect of precipitation during
annealing. A hot rolled 1100 aluminum plate of 11 mm in thickness was also
prepared in order to obtain a high 7-value by cutting out sheet samples at
an oblique plane inclined by 22° from the rolling plane toward the rolling
direction. Recrystallization texture of the sheet samples contains a near {111}
orientation as a main component, because the hot rolled plate before cutting
had a strong B-fiber texture that shows strong {111} pole density at the
position inclined by 22° from the normal direction toward the rolling direc-
tion (Figure 9.5). As a result, they showed a considerably high 7-value of
1.61. Limiting drawing ratio of such materials was measured using flat-
headed punch. A correlation between the limiting drawing ratio and the 7 -
value is shown in Figure 9.6. It is obvious from this figure that the limiting
drawing ratio increases linearly with increasing r-value. This means that
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FIGURE 9.6
Correlation between limiting drawing ratio and average r-value.
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the improvement of deep drawability is possible in aluminum alloys if the
texture is adequately controlled.

Methods of Improving Formability by Texture Control

From the above section, it is found that increasing the 7 -value by texture
control is effective in the improvement of formability. Here, guidelines of
texture control are discussed on the basis of relations between preferred
orientation and the r-value shown in Figure 9.4. An important point of
texture control is what orientations should be developed preferentially from
various orientations reported actually in aluminum alloys.

There are two different guidelines to obtain a high r-value. In analogy
with steel, {111} <uvw> orientations such as {111} <110> and {111} <112> have
high 7 -values and small planar anisotropy, but it is difficult to develop these
orientations throughout thickness by conventional rolling and annealing
processes. Recently, there are many studies on the formation of shear texture
by warm rolling and differential speed rolling (asymmetric rolling). Shear
texture is attributable to additional shear deformation and consists mainly
of a <110>//RD fiber of {001} <110> — {112} <110> — {111} <110>. If {111} <110>
can be developed after annealing, a high 7 -value will be obtained. However,
since the shear texture is weakened by annealing and the <110>//RD ori-
entations other than {111} <110> also remain after annealing, the 7-value is
not so high as expected (7 = ~1.0).15 It is necessary to retain a strong shear
texture including {111} <110> even after recrystallization. Another way to
obtain a high 7 -value is as follows. For raising the r-value at nearly all
directions in a sheet plane, R-orientation {123} <634> is considered to be
most effective from Figure 9.4, but this orientation shows a relatively low
r-value of about 0.7 at the 90° direction. Therefore, it is required that Goss
orientation {011} <100>, which raises the r-value at the 90° direction, is
developed to some extent. Actually, Goss orientation has been observed in
some examples.'® The selection of alloy compositions, annealing conditions,
and so on causing moderate competition between precipitation and recrys-
tallization, will be necessary to develop R-orientation as a main component
and Goss orientation as a secondary component. At least {001} <uv0>
textures, such as cube orientation, are unfavorable for improving the -
value.

Warm rolling was actually carried out for the above Al-4.3% Mg alloys to
obtain a high r -value by the formation of shear texture including {111} <110>.
Warm rolled sheets exhibited a sharp shear texture consisting of <110>//RD
fiber components such as {001} <110>, {112} <110>, and {111} <110> in a range
from the surface to the quarter thickness, and a sharp B-fiber texture in a
range from the quarter thickness to the central layer.”” The shear texture with
a main component of {111} <110> remains after recrystallization annealing, as
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FIGURE 9.7

Orientation drawing functions in (a) surface and (b) central regions of Al-4.3% Mg-0.3% Fe
alloy sheet warm rolled at 623 K to 87% reduction and subsequently annealed at 573 K for 10 ks.

shown in Figure 9.7, although the orientation density is fairly low compared
with the as-rolled state. In the central region, R-orientation {123} <634> and
Goss orientation {011} <100> coexist with a sharp cube orientation {001}
<100>. Texture components other than {001} <110> and cube orientations in
the surface and central layers seem to be suitable for improving the r-value,
as explained above. The r-value of a sample with such texture was measured
together with those of a sample with cube and R-orientations obtained by
conventional cold rolling and annealing. Figure 9.8 shows a comparison
between the r-values of warm- and cold-rolled sheets annealed under the
identical condition. Obviously, the warm-rolled sheet exhibits higher r-
values than the cold-rolled sheet in every direction. Texture control through
warm rolling is thus effective in the improvement of the r-value closely
related to the LDR, that is, deep drawability.

Summary

The effect of crystallographic texture on the formability of aluminum alloy
sheets, i.e., the relations between texture and r-value, and the correlation
between the r-value and limiting drawing ratio has been described. Planar
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FIGURE 9.8
Measured r-values for Al-4.3% Mg-0.3% Fe alloy sheets annealed at 573 K for 10 ks after cold
and warm rolling.

anisotropy of r-value in a sheet is quantitatively predicted from texture on
the basis of the Taylor model. The full constraints model is shown to be
suitable for calculating the r-value of 6xxx series aluminum alloys, whereas
the relaxed constraints model is suitable for calculating that of 5xxx series
alloys. The measured results of limiting drawing ratio and average r-value
for materials with different textures showed a positive correlation between
them. This fact means that the improvement of formability by texture control
is possible in aluminum alloy sheets. Methods of improving formability are
proposed based on the predicted results of the r-value for various ideal
orientations. Texture control through warm rolling actually leads to the
improved average r-value due to the formation of shear texture beneath the
surface of a sheet.
Some important conclusions in this chapters are as follows:

Recrystallization textures of 5052 and 6061 aluminum alloy sheets are
significantly different in spite of the evolution of similar rolling
textures. This is due to the effect of precipitation during annealing
in a 6061 alloy.

A suitable model for predicting the r-value from texture depends on
alloy composition. For a 6061 alloy, the full constraints model leads
to good agreement between calculated and measured r-values,
while for a 5052 alloy, the relaxed constraints model gives better
agreement between them than the full constraints model. This is
related to the fact that inhomogeneous deformation tends to take
place in 5xxx series alloys.

There is a positive correlation between limiting drawing ratio and
average r-value for aluminum and its alloys, as well as for steel.
Consequently, the improvement of deep drawability is possible in
aluminum alloys by appropriate texture control.
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There are two different ways of improving the r-value by texture
control in rolling and annealing processes. One is to retain the shear
texture including a {111} <110> orientation, which can develop by
additional shear deformation during rolling, in annealed sheets.
The other is to retain the B-fiber texture components formed during
rolling, in annealed sheets. In particular, a combination of {123}
<634> as a main component and {011} <100> as a secondary com-
ponent is desirable in the latter case.
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Introduction

Recently, a number of magnesium alloys have been used as structural com-
ponents, such as cases for portable electronic equipment due to their high
specific strength and good thermal conductivity. To reduce the weight of
automobiles to reduce energy consumption, magnesium alloys are also
expected to be used in structural components. In order for magnesium to be
used in structural components, it is necessary that it exhibits sufficient
strength and ductility under dynamic loading as well as static loading at
ambient temperature. Elongation-to-failure at a dynamic strain rate compared
to a static strain rate for some structural metals!= are shown in Figure 10.1.
Elongation-to-failure of magnesium at a dynamic strain rate is lower than
that at a static strain rate' as well as other hexagonal close parted metals,
such as zinc.? Therefore, the microstructure must be improved before mag-
nesium can be used as a structural material. Wilson* demonstrated that the
ductility of pure magnesium could be enhanced by refining its grain size at
a static strain rate. Mohri et al.°> has also reported the ductility enhancement
of an Mg-Y-RE (rare earth) alloy by hot extrusion. Mukai et al.® investigated
the ductility enhancement for the same alloy under dynamic loading,
stating that the enhancement of ductility was due to refinement of the
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Elongation-to-failure at a dynamic strain rate comparing with that at a static strain rate for
some structural metals.

microstructure. Thus, control of the grain structure raises the possibility
for the development of structural magnesium alloys with high ductility
at dynamic strain rates. In this study, effects of grain size refining, and
controlling texture on the strength and ductility of magnesium alloys are
investigated at dynamic strain rates.

Effect of Refining Grain Size

The alloy used in the present study is a commercial magnesium alloy of
ZK60 (Mg-6Zn-0.5Zr, by wt. %). The material was received as an extruded
bar. In this study, ZK60 was annealed at 773 K for 15 minutes (designated
as ZK60-FG) and for 8 hours (ZK60-CG). The average grain size of ZK60-
FG and ZK60-CG were measured to be 4 ym and 120 pm, respectively. Tensile
specimens, machined directly from the extruded bars, had their tensile axis
parallel to the extruded direction. Tensile tests at a dynamic strain rate (~10°%)
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FIGURE 10.2
Hall-Petch relations of ZK60 magnesium alloy at a dynamic and static strain rate. Included are
data of some magnesium alloys at a static strain rate.”!!

were performed using a modified Hopkinson pressure bar. All tests were con-
ducted at room temperature.

The effect of grain refinement on the yield strength, i.e., the Hall-Petch (H-P)
relations in the present materials are shown in Figure 10.2 for static and
dynamic strain rates. Included are data for magnesium” and some magnesium
alloys.®!! For the result of the present ZK60 alloy obtained at a dynamic strain
rate, the stress was taken as the lower yield stress. The Hall-Petch slope is
similar to those for other magnesium and magnesium alloys. All materials in
Figure 10.2 were fabricated by extrusion and exhibit similar slope. Therefore,
it is suggested that the developed texture may be similar. The yield strength
of ZK60 is noted to be increased with refining grain size at the dynamic strain
rate. The data at the dynamic strain rate are also represented by a single line.
It is well known that the slope of the line, k-value, depends on the slip
system.!2 Since the line at the dynamic strain rate is almost parallel to that at
the quasi-static strain rate, it is noted that the effect of refining grain structure
on the flow stress is essentially similar for both strain rates.

The elongation-to-failure of ZK60-FG is measured to be 25% and is obvi-
ously larger than that of ZK60-CG (16%) under the dynamic tensile loading.
Inspection of fractured specimen revealed that the fracture of the coarse-
grained ZK60 was caused by a coalescence of macroscopic cracks along the
twin boundary and grain boundary (Figure 10.3a), while the macroscopic
cracks were not observed in the fine-grained alloy due to the absence of
macroscopic twin boundaries (Figure 10.3b).!



112 Automotive Engineering: Lightweight, Functional, and Novel Materials

FIGURE 10.3
Deformed microstructure of ZK60 magnesium alloy with different grain sizes of (a) 120 um
and (b) 4 pm. White arrows indicate the evidence of macro-cracking.

Effect of Texture

It has been reported that an extruded AZ80 magnesium alloy exhibited a
strong texture: the majority of basal-plane arranged parallel to the extruded
direction.!® The deformation perpendicular to the extrusion direction is lim-
ited and the alloy is fractured without macroscopic necking. Thus, one of the
possible procedures for the ductility enhancement can be modification of
structure with the rearrangement of the distribution of basal plane in a
wrought magnesium alloy. In the present study, equal channel angular extru-
sion (ECAE) is selected for the experimental wrought process. It has been
proposed that equal channel angular extrusion was a unique technique to
apply heavy shear strain to the material, and developed the ultra-fine-grained
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FIGURE 10.4
Schematic illustration and X-ray diffraction spectra of (a) the directly extruded AZ31 alloy and
(b) AZ31-E/A.

structure for several kinds of metallic materials.!* Very limited data are cur-
rently available for equal channel angular extrusion processed magnesium.
Figure 10.4 illustrates schematically the processes of (a) the conventional
direct extrusion, and (b) equal channel angular extrusion.

In the magnesium processed by direct extrusion, it has been reported
that the basal plane in the majority of grains is arranged along the extruded
direction, as shown in Figure 10.4a. On the other hand, equal channel
angular extrusion processes can apply a simple shear to the material at the
90 degree angled channel portion, as shown in Figure 10.4b. The basal
planes in the majority of grains rearrange in the shearing direction. In this
study, equal channel angular extrusion was conducted on AZ31(Mg-3Al-1Zn-
0.2 Mn, by wt. %) by a die with a 90 degree angled channel and at a temperature
of 473 K. Equal channel angular extrusion was conducted by 8 passages through
the die with rotation of the extruded bar +90° for the repetitive extrusion.
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Following inspection of the microstructure, the as-equal channel angular
extrusion processed alloy was found to consist of a homogeneously distrib-
uted and fine-grained structure (grain size, d: ~ 1 um). In order to compare
the tensile mechanical properties of this material with the conventionally
extruded AZ31 alloy (d : ~ 15 pm), the as-equal channel angular extrusion
processed alloy was annealed to coarsen the grains at 573 K for 24 h. The
annealed alloy (designated, AZ31-E/A) also consists of equi-axed grains
with a similar grain size to the conventionally extruded alloy.

X-ray diffraction spectra were recorded from the present AZ31 alloy in
order to examine the difference of the distribution of basal plane along the
extruded direction. X-ray diffraction spectra of: (a) the directly extruded AZ31
alloy; and (b) AZ31-E/ A are also shown in Figure 10.4 for perpendicular and
parallel to the extrusion direction.!® The magnitude of the peak corresponds
to the fraction of basal plane for the examined direction. It is clearly seen in
Figure 10.4a that the fraction of the basal planes in the directly extruded alloy
strongly depends on the extrusion direction. However, the magnitude of the
peak in the present AZ31-E/ A is similar for each of the two directions. Thus,
it is suggested that the distribution of basal planes is possibly similar to each
other for the two directions in AZ31-E/A.

The specific strength (ultimate tensile strength divided by the density)—
ductility balance in the present AZ31-E/A—is shown in Figure 10.5 at the
static strain rate. Included are data for typical structural magnesium alloys,
aluminium alloys, and steels.!” The values of elongation-to-failure for the
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FIGURE 10.5

Specific strength—ductility balance of a wrought AZ31 magnesium alloy. Included are data of
selected alloys of cast-magnesium, aluminum, and steels."”
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magnesium alloys are markedly lower than those of structural steels. How-
ever, AZ31-E/ A exhibits a similar value of specific strength compared with
the cast magnesium alloys, and a larger value of elongation-to-failure than
steels. Tensile tests at a dynamic strain rate revealed that the texture con-
trolled alloy exhibited a similar ductility under dynamic loading. Thus, it is
noted that the present alloy has a high possibility for structural use under
dynamic loading.

Summary

Improvement of tensile mechanical properties under dynamic loading
was demonstrated for commercial magnesium alloys. The yield stress of the
ZK60 alloy increased with refining grain-size at the dynamic strain rate with
a similar Hall-Petch slope to that at a quasi-static strain rate. Enhancement
of ductility can be also achieved by refining the grain structure for ZK60
alloy. Simple shear was applied to a commercial AZ31 magnesium alloy by
equal-channel-angular-extrusion for the development of a different texture
compared with the conventionally extruded alloy. X-ray diffraction spectra
examined for the parallel and perpendicular section to the extrusion direc-
tion suggested that the fraction of basal plane was similar to each other for
equal channel angular extrusion/annealed alloy, while it was obviously
different for the conventionally extruded alloy. It was found from the tensile
test that the elongation-to-failure of the equal channel angular extrusion/
annealed alloy exhibited ~ 50%, which was twice larger than that of the
conventionally extruded alloy.
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Introduction

Recently, there has been great interest in using lightweight metallic foams
(e.g., aluminium and magnesium) for automotive, railway, and aerospace
applications where weight reduction and improved performance are
needed.! Metallic foams also have potential for absorbing impact energy
during vehicle crashes either against another vehicle or a pedestrian. To
effectively absorb the impact energy, a material is required to exhibit an
extended stress plateau. Thus, enhancement of the absorbed energy can be
achieved by the extent of strain plateau and an increase in the plateau stress.
The value of plateau stress can be increased by the selection of the matrix
and its density. Thornton and Magee have demonstrated that the plateau
stress of a closed-cell aluminum varied with composition and heat-treatment
of the matrix.2 Hagen and Bleck have also reported that the plateau stress
could be increased with density using a commercially available closed-cell
foam, ALPORAS.3

Gibson and Ashby! analyzed the relationship between the relative stress,
op:/0,5 and the relative density, p/p,, assuming that plastic collapse occurs
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when the moment exerted by the compressive force exceeds the fully plastic
moment of the cell edges, where o, is the plastic-collapse stress, o, is the
yield stress of the cell wall (edge) material, p is the density of the cellular
material, and p, is the density of the cell wall (edge) material, respectively.
The relationship between the relative stress and the relative density for open-

celled material is given by Equation 11.1,

Opl _ c( P )3/2 (11.1)

Oys Ps

where C is a constant. Gibson and Ashby! showed that the value of C is 0.3
from data of polyurethane foams and cellular metals. Gibson and Ashby also
analyzed the relative stress for closed-cell material and reported the influence
of membrane stress and cell fluid.! They suggested the membrane stress
should be considered. Simone and Gibson analyzed the effects of solid dis-
tribution on the stiffness and strength of metallic foams* and also reported
the effects of cell face curvature and corrugations.’ The experimental data
of closed-cell aluminum alloys? and a commercial closed-cell aluminum,
ALPORAS, in the previous investigation® were shown to be in reasonable
agreement with the values predicted for the case of C = 0.3.! The evidence
indicates that the membrane stress has probably only a minor effect. On the
other hand, Grenestedt has investigated the influence of imperfections such
as wavy distortions of cell walls on the stiffness of closed-cell aluminum
alloys.”® Sanders and Gibson have also pointed out that the reduction in
Young’'s modulus of aluminum foams is due to cell wall curvature and
corrugation.’ Therefore, it is noted that controlling the structure of cell walls
is important for the enhancement of energy absorption. In this study,
enhancement of crashworthiness in a closed-cell structure has been per-
formed by an increase in the aspect ratio of cell-wall thickness against the
cell-edge length with reduction of cell size. The crashworthiness in a mod-
ified foam is estimated by comparison with a conventional ALPORAS with
the same relative density.

Structure of Modified Foam

The material used in the present study is a modified aluminum foam, ALPO-
RAS (denoted as #M), which was produced by Shinko Wire Co. Ltd., Japan.
The aluminum foam was manufactured by a batch-casting process. The
chemical composition of the modified foam is Al-1.42,Ca-1.42,Ti-0.28,Fe
(by mass%), which is the same as the regular ALPORAS. The details of
fabrication of this foam have been reported elsewhere.! Typical structure of
the foam is shown in Figure 11.1a. The average diameter of the cells was
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FIGURE 11.1
Typical cell structures of a modified foam (#M) (a), and the closed-cell aluminum foam (#C) (b)
of a conventional ALPORAS.

measured to be ~3.0 mm using the method prescribed by the American
Society for Testing Metals (ASTM) for the measurement of grain diameter
in polycrystalline materials.!! The relative density was about 0.106.

The referenced material is a conventional ALPORAS (denoted as #C), the
structure of which is shown in Figure 11.1b. The relative density (0.105) of
the foam is very close to the present foam, however, the average diameter
(—4.5 mm) is larger than that of the present foam. In order to characterize
the structures of two foams, optical microscopy has been used to measure
the apparent edge length (denoted as L) and the thickness of cell walls from
any 200 edges. A schematic illustration of this measurement is shown in
Figure 11.2.

As shown in this figure, the apparent thickness was estimated for two points
at % Land ) L. Note that the measured edge length of the modified foam
is effectively reduced. The thickness of cell walls at }; L and at } L has also
been evaluated. The thickness of the cell walls in the modified foam is slightly
smaller than that in the conventional ALPORAS. Since the thickness of cell

Cell Wall

FIGURE 11.2
Schematic illustration of a cross-sectional structure in a closed-cell aluminum foam.
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TABLE 11.1

The Measured Average Value of Edge Length and Wall Thickness
in a Modified Foam Comparing with a Conventional ALPORAS

Modified Foam Conventional
#M) ALPORAS #C)

Measured edge length (L) [mm] 1.91 2.68
Measured thickness of cell wall
At 114 L (t,4) [mm] 0.135 0.162
At 112 L (t; ) [mm] 0.112 0.132
Aspect ratio [mm]
(t1141L) 0.0693 0.0604
(t1141L) 0.0585 0.0505

walls at 5 L is essentially greater than that at }; L for both foams, the cell
walls have a thickness gradient. However, the modified foam exhibits a more
uniform distribution of thickness compared with the conventional foam. The
average values of the measured edge length and wall thickness were summa-
rized in Table 11.1. The aspect ratio of the wall thickness against the edge
length is also listed in Table 11.1. Note that the aspect ratio in the modified
foam is higher than that in a conventional ALPORAS on the average.'?

Compressive Behavior

Compressive tests were performed to evaluate the absorption energy. Spec-
imens with dimensions of 16 x 11 mm were cut from each of the as-cast
aluminum foams. The compressive tests were carried out at a quasi-static
strain rate of 1 X 10° s~! on an Instron-type instrument, and at a quasi-dynamic
strain rate of 1 x 10° s! using the split-Hopkinson-pressure bar (SHPB)
method for a number of specimens with a similar structure.

The curves of the five specimens were almost identical for both #M and
#C. Typical stress—strain curves for the modified foam and a conventional
ALPORAS at a quasi-static strain rate of 1 x 10° s~ are shown in Figure 11.3.
The diagram shows an elastic region at the initial stage, followed by a plateau
region (with nearly constant flow stress). After the plateau region, the flow
stress rapidly increases because the specimen densifies. The stress—strain
characteristic for the closed-cell aluminum has already been reported.’* The
plateau stress for each sample was evaluated as the flow stress at a nominal
strain of 0.2. The plateau stress of #M (denoted as oy,) and #C (denoted as
ocp) are measured to 1.74 and 2.03 MPa, respectively. The relative density of
both samples is identical. It is clearly observed that the plateau stress in the
modified foam exhibits a higher value than that in a conventional ALPORAS.
The increase in the plateau stress seems to be due to the increase in the
membrane stress of cell walls with an aspect ratio of t,,,/L (see Table 11.1).
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Nominal stress, MPa

Nominal strain

FIGURE 11.3
Nominal stress—strain curves at a quasi-static strain rate of 1 x 10° s7..

A number of stress—strain curves for both #M and #C at a dynamic strain
rate of 1 x 10® s7! are shown in Figure 11.4. In comparison to Figure 11.3,
several different features can be observed:

1. the yield stress at the dynamic strain rate is higher than that at the
quasi-static strain rate,

2. plateau strain (fp/) at the dynamic strain rate is slightly smaller
than that at the quasi-static strain rate, and

3. gradual stress drop with strain can be seen in the curve at the
dynamic strain rate.

Nominal stress, MPa

0.0 0.2 04 0.6 0.8

Nominal strain

FIGURE 11.4
Nominal stress—strain curves at a dynamic strain rate of 1 x 103 s71.
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The plateau stress in the modified foam also exhibits a higher value than
that observed in the conventional ALPORAS.
Compressive properties of cellular metals are described fully in chapter 12.

Energy Absorption

The absorption energy per unit volume (W) of the modified ALPORAS was
further evaluated.! The absorption energy for a sample can be calculated by
integrating the area under the stress-strain curve, namely

W:J.:cr(e)de (11.2)

The average values of absorption energy per unit volume of ALPORAS at
a strain of 0.5, and the dynamic strain rate for #C and #M are calculated as
1.30 and 1.72 MJ/m?, as shown in Figure 11.5. The absorption energy at
quasi-static strain rate of the conventional foam is very close to the value
formerly reported by Hagen and Bleck.® The value of W in the modified
foam at the dynamic strain rate, #M, is about 32% higher than that in #C.
Enhancement of energy absorption can be achieved using the present mod-
ified structure. The selection of cellular materials for applications, such as
cycle helmet inner liners,! bumpers for automobiles, or motor cycles, are
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FIGURE 11.5
Absorption energy per unit volume of ALPORAS at a strain of 50%.
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based on energy absorption characteristics. The results previously reported
for ALPORAS suggested that there was a large difference in mechanical
strength and absorption energy obtained at a quasi-static and a dynamic
strain rate.® The examination at dynamic strain rate of the present foam is
underway. Optimization of cellular structures is important for the enhance-
ment of energy absorption in a closed-cell metallic foam.

Summary

Metallic foams have potential for absorbing impact energy. To effectively
absorb the impact energy, a material must exhibit an extended stress pla-
teau. Thus, enhancement of the absorbed energy can be achieved by exten-
sion of the strain plateau, and increasing the plateau stress. In this study,
modification of the structure in a commercially available closed-cell alumi-
num foam, ALPORAS, was performed. The edge length of this modified
foam is obviously reduced from that of a conventional ALPORAS, while
the aspect ratio of the wall thickness to the edge length increases. From the
compressive tests at a quasi-static rate and a dynamic strain rate, the plateau
stress of the modified foam was found to exhibit a marked increase com-
pared to that of the conventional foam. The absorption energy per unit
volume (W) of the modified foam is 40% higher than that of a conventional
foam.
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Introduction

Recently, there has been a considerable increase in interest in cellular metals.
Cellular metals are super-light metals exhibiting unique properties, such as
high energy absorption.! Applications of cellular metals are wide ranging,
e.g., impact energy absorbers, silencers, flame arresters, heaters, heat
exchangers, constructional materials, etc.

Typical cellular metals are shown in Figure 12.1. Cellular solids are divided
into two types; one is a closed-cellular solid where each cell is sealed off
from its neighbor (Figure 12.1a), the other is an open-cellular solid whose
cells connect through open faces (Figure 12.1b).

To date, the mechanical properties of cellular metals have been extensively
investigated.! In general, a cellular metal shows an elastic region in the initial
stage of applied strain, and then a plateau region with a nearly constant flow
stress (collapse stress), and finally, a densification region where the flow stress
significantly increases when the cellular metal is compressed. The collapse
stress in the plateau region is strongly affected by the density of the material.
Gibson and Ashby! analyzed the collapse stress of an open-cellular metal using
bending of struts, showing that the collapse stress of an open-cellular metal is
proportional to the 3/2 power of the density. A closed-cellular metal also
exhibits almost the same behavior as an open-cellular metal. However, the

125
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FIGURE 12.1
Cellular metals, (A) closed-cell and (B) open-cell.

collapse stress in the plateau region is considered to be affected not only by
the density, but also by the solid material and the cell structure. In this chapter,
effects of the solid materials and the cell structure on compressive properties
of a cellular metal are investigated.

Effect of the Solid Material

Compressive properties of the cellular SG91A aluminum alloy and cellular
AZ91 magnesium alloy with the open-cell structure were investigated,> where
both cellular alloys had the same cell structure. The nominal stress-nominal
strain curves are shown in Figure 12.2 for the cellular aluminium alloy, and in
Figure 12.3 for the cellular magnesium alloy—five specimens of each material

1.5 1 L I
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(1) : 0.0653
(2) : 0.0446
£ 10F (3:00580
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@ (5): 0.0573
g
w
=
5
£ 05
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0.0
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Nominal strain %
FIGURE 12.2

The nominal stress-nominal strain curves for the cellular SG91A Al alloy.

%
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FIGURE 12.3
The nominal stress-nominal strain curves for the cellular AZ91 Mg alloy.

were measured. The cellular alloys display an elastic region at the initial stage,
and then a large plateau region with a nearly constant flow stress to a large
strain of about 60%. The yield stresses were 0.17 ~ 0.58 MPa for the cellular
aluminium alloy and 0.07 ~ 0.13 MPa for the cellular magnesium alloy. The
cellular aluminium alloy showed higher yield stress and plateau stress than
the cellular magnesium alloy. After the plateau region, the flow stress rapidly
increased because of densification for both cellular alloys. This trend of the
open-cellular alloys is similar to those of other cellular metals.

The nominal stress-nominal strain curves of the solid SG91A aluminium
and AZ91 magnesium alloys with a relative density of 100% are shown in
Figure 12.4. The yield stresses of the SG91A aluminium and AZ91 magne-
sium solids were 150 and 120 MPa, respectively. The AZ91 magnesium solid
fractured at € = 14%. However, the SG91A aluminium solid did not fracture
until € = 50%. The compressive test was stopped at € = 50%. Although the
AZ91 magnesium solid showed much lower ductility than the SG91A alu-
minium solid, the strain to densification of the cellular AZ91 magnesium
was almost the same as that of the cellular SG91A aluminium.

The cellular aluminium alloy exhibited larger flow stress in a plateau
region than the cellular magnesium. However, the difference in yield stress
between the aluminium alloy solid and the magnesium alloy solid was little.
The relationship between the relative stress, 0,/ 0, and the relative density,
p/p,, is given by Equation 12.1

3/2
i =c(pj 12.1)
Gys/ pS/

- —
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FIGURE 12.4

The nominal stress-nominal strain curves of the solid SG91A Al and AZ91 Mg alloys with the
relative density of 100%.

where 0, is the collapse stress of a cellular metal, o, is the yield stress of a
solid, p is the density of a cellular metal, p, is the density of a solid, and C
is a constant. This equation indicates that the flow stress in the plateau region
of cellular metals is proportional to the three-seconds power of the relative
density. Therefore, it is suggested that the larger flow stress in a plateau
region for the cellular Al alloy is mainly attributed to the larger relative
density.

The normalized stress—nominal strain curves of the cellular aluminium
alloy and cellular magnesium alloy are shown in Figure 12.5, where the
normalized stress is the nominal stress divided by the yield stress of the
solid and the three-seconds power of the relative density. It can be seen
that the normalized stress—nominal strain curves of the cellular magnesium
alloy are in agreement with those of the cellular aluminium alloy. The
stress—strain relation of the magnesium alloy solid was different from
that of the aluminium alloy solid; in particular, the magnesium alloy solid
showed much lower ductility than the aluminium alloy solid. However,
the stress—strain relation of the cellular magnesium alloy was the same
as that of the cellular aluminium alloy by compensation with the yield
stress of the solid and the relative density. Therefore, it is concluded that
the mechanical properties of the cellular metals are not affected by duc-
tility of the solid. This suggests that once the cell edge collapses at the
yield point of the solid, the collapsed edge has little ability to bear the
load, and bends easily by a low stress; as a result, the mechanical properties
of cellular metals are independent of ductility and strain-hardening behavior
of the solid.

- —
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FIGURE 12.5
The normalized stress—nominal strain curves of the cellular SG91A Al alloy and cellular AZ91
Mg alloy.
|

Effect of the Cell Structure

Three kinds of open-cellular magnesium alloys—type A is a cellular mag-
nesium alloy with random cell structure; type B is a cellular magnesium
alloy with controlled cell structure for which an angle between the struts
and the load direction is 45°; and type C is a cellular magnesium alloy with
controlled cell structure for which an angle between the struts and the load
direction is 0° (90°)—were fabricated by casting® (see Figure 12.6).

The nominal stress-nominal strain curves of the cellular magnesium alloys
by compressive tests are shown in Figure 12.7. The type B structure showed
almost the same stress-strain curve as the type A structure, indicating that
the dominant deformation mode of a cellular magnesium alloy with random
cell structure is the same as that of a cellular magnesium alloy with con-
trolled cell structure for which an angle between the struts and the load
direction is 45°. The collapse stresses were about 0.1 MPa for the type A and
the type B structures. For the type C structure, however, the flow stress
decreased after a sharp peak, and then it rapidly increased with increasing
strain. This fluctuation of the flow stress is repeated in the plateau region. This
trend is the same as that in the cellular epoxy. * The collapse stress (first peak
stress) was 0.4 MPa for the type C structure. The collapse stress of the type C
structure was 4 times higher than those for the type A and the type B
structures. Recently, Markaki and Clyne® revealed that the mechanical prop-
erties of a cellular aluminium alloy were strongly affected by the microstruc-
ture. In the present investigation, however, the density and microstructure

- —
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FIGURE 12.6
Three kinds of open-cellular Mg alloys.
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FIGURE 12.7
The nominal stress-nominal strain curves of the cellular Mg.
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of the cellular magnesium alloys were the same. Clearly, the cell structure
strongly affects the collapse stress in the plateau region of cellular metals.
Another important result shown in Figure 12.7 is that the densification strain,
which is the strain to the onset of the densification region, is almost the same
for three kinds of cellular magnesium alloys. That is to say that the densifi-
cation strain is not affected by the cell structure. It is, therefore, suggested that
the densification strain mainly depends on the relative density of the material.

Summary

The stress—strain relation of cellular magnesium alloy was almost the same
as that of the cellular Al alloy by compensation with the yield stress of the
solid and the relative density. Therefore, it is concluded that the mechanical
properties of the cellular metals are not affected by ductility of the solid. The
cell structure strongly affected the collapse stress in the plateau region of
cellular metals. However, the densification strain was not affected by the cell
structure.
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A Recyclable Design for Sustainable Development
Problems in Scrap Metal Recycling

Products generally consist of many kinds of materials. However, it is neces-
sary to save resources and energy, and so there is a general move toward
the use of recycled materials. Engineering challenges for the ideal recycling
system are to reduce impurity content from scrap melt, to immunize metals
against impurities or make metals innocuous to impurities, and finally, to
replace conventional metals with inherently recyclable metals. As a design for
ecomaterials (environment conscious materials)! recyclable design for sustainable
development has been proposed, where the materials and products are in har-
mony with the natural environment and provide a simplified recycling route.
The concept has been discussed from the point of view of design factors, i.e.,
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recyclability and ecology for raw materials, and simplification of recycling and
scrapping, balanced against the desired properties.? Aluminum products, as
well as steels, are some of the early metals that have taken up the challenge of
recycling. In the case of aluminum, recycling is desirable, since producing alu-
minum from virgin mineral sources, such as bauxite, consumes large amounts
of energy. However, the incorporation of secondary (scrap) aluminum has been
almost limited to cast materials, and dilution with raw material has been inev-
itable. In the 1990s, about 30% by weight of aluminum products were produced
from scrap metals in Japan. The use of scrap metal will increase, so secondary
metal products should be manufactured not only using cast materials, but also,
wrought ones.

Upgrade Recycle Design for Al-Si-X Alloys

In the case of aluminum, silicon, iron, and copper, are major detrimental
elements for recycling aluminum products. Silicon and iron presents prob-
lems in aluminum alloy recycling due to the poor workability of aluminum
incorporating these elements, and the general difficulty in removing them
from stock materials. Al-Si-X alloys are one of the major cast material sys-
tems, and include almost no undesirable elements for the classification
ecomaterial. However, removal of 5i and Fe from scrapped aluminum prod-
ucts is difficult and costly. The Al-Si system has multiple phases with low
mutual solid solubility, and are effectively an in-situ metal-metal composite,
making it an ideal model for recycling whilst maintaining control of the
balance of properties, such as strength and elongation, without detrimental
elements for the ecomaterials; fine microstructure with plural phases, mesocom-
plex structure, is one of the candidates for alloy design.? Hence, Al-Si based
alloys have great advantage in recyclable material design. However, heavy
cold-working cannot be used, since this would cause severe cracking in the
primary Si crystals and coarse intermetallic compounds.

Fine Microstructure Development

To improve the mechanical properties of Al-Si-X cast materials, microstruc-
tural modifications have been commonly achieved by the addition of ele-
ments such as strontium and phosphorus into the melt, or by hot-forging
and subsequent long solution heat-treatment, as shown in Figure 13.1. How-
ever, the ductility of these treated materials is not enough, and it is difficult
to apply these treatments to wrought materials. Coarse silicon crystals
and/or acicular Al-Si-Fe intermetallic compounds cause poor ductility and
often give rise to fatigue crack initiation sites, as well as inclusions. To
improve the workability and mechanical properties, the silicon crystals and
compounds must be refined to avoid sample fracture due to their cracking.
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Hyper-eutectic Al-Si-X alloy
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FIGURE 13.1
Development of Al-Si-X forgings from cast material.

The most promising method of refining microstructures is by rapid solidifi-
cation. Spray-forming and thixoforming have been used to refine the silicon
in Al-Si alloys. However, rapid solidification methods are not necessarily
amenable to mass production, so the present work deals with a novel ther-
momechanical treatment for hyper-eutectic Al-Si-X cast alloys, which could
be mass produced. Umezawa and Nagai**have proposed repeated thermo-
mechanical treatment (RTMT) to produce a heavily deformable hyper-eutectic
Al-Si material, as shown in Figure 13.2. Repeated thermomechanical treat-
ment also provides a fine dispersion of Al;SiFe compounds in hyper-eutectic
Al-Si-(Fe, Cu) cast alloys.** Not only Si, but also iron and copper are major
impurities in these secondary aluminum cast alloys. In this chapter, the
influence of microstructural refinement by the repeated thermomechanical
treatment on both tensile and high-cycle fatigue properties for these alloys
is reviewed.

FIGURE 13.2
Al-12.6 mass%Si repeated thermomechanical treatment materials: annealed plate (a) and its
cold-rolled sheet (b), and annealed rod (c) and its cold-swaged wire (d).
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FIGURE 13.3
Second-phase structure developed by plastic workings.

Concept of Mesocomplex Structure?

Mechanical properties can be generally controlled by changing the micro-
structure of any particular material. Design and control of the mesocomplex
structure, where the secondary phases are distributed in a matrix with high
density and fine structure, are illustrated in Figure 13.3. Heavy working
plays an important role on building the fine microstructure.

1. Microscopic distribution of secondary phase: When the secondary
phase is deformable, the increase of plastic strain leads to the
decrease of lamella spacing. When the secondary phase cannot be
deformed, the plastic strain induces cracking of this phase.

2. Deformation of matrix and a role of secondary phase as a pinning
site: The rapid increase of plastic strain in the matrix makes a
dynamic recovery and recrystallization in fine scale grain size. The
secondary phase is a site for local deformation and a pinning site
for the dynamic recovery in matrix.

Repeated Thermomechanical Treatment

Generally, hot-working refers to deformation carried out under conditions
of temperature and strain rate. Since recovery processes occur substantially
during the deformation process, large strains can be achieved with essen-
tially no strain hardening. This results in a decrease in the energy required
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One-pass rolling of Al-12 mass%Si cast material; test pieces at (a) 293 K and (b) 493 K, and
(c) deformation resistance at various temperatures.

to deform the metal and an increased ability to flow without cracking. Thus,
the higher the working temperature is, the less cracked Si crystals are
detected. Severe cracking in silicon crystals occurs under cold-working oper-
ations, as shown in Figure 13.4. The cracks may lead to sample fracture, but
could be useful in refining the Si crystals. In order to avoid fracture, the cold-
working operations must be carried out with intermediate annealing steps.

Therefore, cold-working operations were carried out in several steps with
intermediate annealing operations introduced to soften the cold-worked mate-
rials. This sequence of repeated cold-working and annealing is called repeated
thermomechanical treatment. Cold-working operations by flat-rolling, grooved-
rolling, or swaging are carried out in a number of multiple passes or steps at,
or below room temperature, forming specimens into either rods or plates.
Annealing was at 793 K for 3.6 ks followed by water quenching (WQ). Each
cold reduction was less than 20% in section area, and the cold-work-anneal cycle
was repeated over six times. The total reduction in section area was about 80%.

The test materials were various kinds of hyper-eutectic Al-Si-(Fe, Cu)
castings. The chemical compositions of the casts are listed in Table 13.1.
Figure 13.5 shows their microstructures. Each cast material contains coarse

TABLE 13.1

The Chemical Compositions of Test Materials

Concentrations (Mass%)

Materials Si Fe Cu Mg Mn Cr Zn Ti
S1 13.3 1.85 0.028 0.004 0.008 0.006  <0.001 0.005
S2 11.9 0.15 431 <0.001 0.003 0.005  <0.001 0.006
S3 19.7 0.18 471 0.003 0.006 0.006 0.001 0.006
L1 12.5 2.14 0.004 0.010 <0.001 <0.001 0.004 0.011
L2 12.0 0.11 343 0.009 <0.001  <0.001 0.003 0.010
L3 20.6 0.13 0.027 0.008 0.006 0.006 0.005 0.005
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FIGURE 13.5
Microstructures of cast materials: (a) S1, (b) S2, (c) S3, (d) L1, (e) L2, and (f) L3.

primary Si crystals and/or primary compounds. The primary Si forms hex-
agonal-like crystals between 20 um and 200 pm in diameter. The eutectic Si
phase exhibits a needle or plate-like structure. The intermetallic compounds,
B phase (Al;SiFe), are acicular in form a few hundred pum in length.

In the case of large ingots cooled slowly, cast materials exhibit extremely
low workability at, or below, room temperature, since they involve very large
silicon crystals and compounds. A hot-working step needs to be introduced
to provide a certain cold-workability for repeated thermomechanical treat-
ment to produce a 20% section reduction without visible cracking. The casts
are heated at a temperature between 673 K and 693 K, and are extruded with
a working strain of 0.97 (n =1In Ay/A, A, section area of sample; A: section
area of worked sample). The extruded rods are annealed at 793 K for 3.6 ks,
and then the repeated thermomechanical treatment is conducted.

Fragmentation of Silicon and Compounds

During cold-working, each primary silicon crystal cracks into a few pieces,
decreasing in size. The eutectic silicon and associated compounds are also
broken. The void formed by cracking heals up after repeated annealing and
cold-working. The cracks in the primary silicon crystal tend to occur normal
to the rolling direction.

In repeated thermomechanical treatment materials, primary silicon crystals
are refined to less than a few tens of microns in diameter, and eutectic silicon
crystals are broken and dispersed as fine particles (see Figure 13.6). Intermetallic
compounds are also divided into the pieces of less than a few tens of microns
in length. Most of the silicon crystals and compounds are a few microns in size,
and aligned along the rolling direction (RD). The secondary phases are thus
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FIGURE 13.6

Microstructures of repeated thermomechanical treatment materials in the longitudinal section:
(a) 13Si-2Fe, (b) 12Si-4Cu, (c) 20Si-4Cu, (d) 13Si-2Fe: L1, (e) 12Si-4Cu: L2, and (f) 20Si: L3.
Photographs d—f show the casts cooled slowly. Arrows show the longitudinal direction.

distributed in the matrix with high density and fine size. In addition, they are
spheroidized. In slowly cooled casts, however, the fragmentation and disper-
sion of primary Si crystals and /or compounds in the aluminum matrix through
repeated thermomechanical treatment are insufficient for most applications
(Figure 13.6d—f). The cracks in the primary Si remain, and are not fully filled
by the aluminum matrix during repeated thermomechanical treatment.
When the secondary silicon phase in the soft Al matrix is non-deforming, the
plastic work causes cracking in this secondary phase. The succeeding heat
treatment softens the aluminum matrix again, as illustrated in Figure 13.7. Since
the liner thermal expansion coefficient of aluminum is much higher than that
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FIGURE 13.7
Schematic illustration of silicon cracking and Al matrix annealing: (a) thermal expansion coef-
ficient of aluminium and silicon, and (b) silicon cracking temperature.
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of silicon, especially at high temperature, voids or microcracks may partially
heal during these heat treatments. Successive cold working presses the cracks
together and the separate segments flow with the aluminum. Hence, repeated
cold working and annealing is believed to result in the annihilation of these
cracks. Consequently, several iterations of thermomechanical treatment can
result in fine dispersions of silicon and compound phases. In addition, the
speroidization of these dispersions is attained within several hours, although
ten hours are needed to speroidize silicon crystals for the Al-Si cast material.
Repeated thermomechanical treatment is effective for not only breaking up
silicon crystals and compounds, but also healing cracks and speroidizing them.

Plasticity and Tensile Properties

Al-Si-X alloys with refined microstructure exhibit good workability, tensile
strength, and elongation (see Figure 13.8). In both plate and rod forms, great
plasticity, over 90% reduction in section area, is available. There is no severe
cracking in the Si crystals in a cold-worked repeated thermomechanical
treatment material (see Figure 13.9), but many voids are observed in the
aluminium matrix.

Tensile testing was conducted in a motor-driven testing machine at 293 K
(in air) and 77 K (immersed in liquid nitrogen) under displacement control.
The displacement rate for each specimen was chosen to correspond to an
engineering strain rate of approximately 4 x 10~ per second within the plastic
regime. Tensile specimens were machined parallel to the longitudinal direction.
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FIGURE 13.8
Tensile strength and elongation for repeated thermomechanical treatment and its cold-worked
samples of Al-12.6 mass%Si alloy.
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FIGURE 13.9
SEM micrographs of a cold-rolled repeated thermomechanical treatment sample (1 = 3): (a)
back scatter image for the RD section, and (b) secondary electron image for the TD section.

All cast materials showed poor elongation and early fracture caused by
cracking of the secondary phase. Although the ultimate tensile strength of
the repeated thermomechanical treatment material was almost the same as
that of the cast one, the elongation of the repeated thermomechanical treat-
ment material was much higher than that of the cast one, as shown in Figure
13.10. Local elongation and uniform elongation increase with repeated ther-
momechanical treatment. At lower temperatures, especially, microstructural
refinement could result in the avoidance of early fracture as observed for
the cast material. An increase in the flow stress with decreasing temperature
results in a greater strain to failure for the repeated thermomechanical treat-
ment samples. In general, increases in the strain hardening rate lead to an
increase in the strain to failure. A geometrical instability occurs in a tensile
test when the strain hardening rate equals the true stress. The repeated
thermomechanical treatment samples show the necking instability, but the
cast samples fractured before reaching it (see Figure 13.11). Therefore, the
repeated thermomechanical treatment materials have a significantly
enhanced ductility and strength, since early fracture is overcome in the
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FIGURE 13.10
Stress—strain curves of Al-12.6 mass%S5i alloy.
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FIGURE 13.11

True stress—true plastic strain curves and strain-hardening rate curves from data in Figure 13.10:
(a) as cast, (b) repeated thermomechanical treatment samples at 293 K, and (c) repeated ther-
momechanical treatment samples at 77 K.

repeated thermomechanical treatment condition. Microstructural modifica-
tion by repeated thermomechanical treatment is effective in improving ten-
sile properties.

Figure 13.12 shows elemental maps obtained by electron probe micro-
analysis, and the fracture surfaces obtained from tensile testing Al-7 mass %,
Si-1 mass %, and Fe alloy in both as-cast and cold-worked conditions. Although
the cast material exhibits a brittle feature, the cold-worked material shows
a ductile one, reflecting the microstructural differences in the two materials.

Fatigue Strength and Crack Generation

Using a servo hydraulic fatigue test machine, load-controlling fatigue tests
for the large cast materials and their repeated thermomechanical treatment
ones were carried out with a stress ratio, R (0p,/ Omay) = 0.01, supplied as
a sine wave at, and below, 296 K. No large difference in fatigue strength
was observed in either the low cycle or high cycle regime (see Figure 13.13).
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EPMA maps (a, b) and fracture surfaces from tensile testing (c, d) for Al-7Si-1Fe with as-cast

(a, ¢) and cold-worked (1 = 5.8) repeated thermomechanical treatment (b, d) materials.

The ratio of 107 cycles fatigue strength to ultimate tensile strength is about
0.5. The lower the temperature, the better the balance between tensile and

fatigue properties.

Cracking and de-cohesion of the remaining coarse silicon crystals or aggre-
gates of compounds give rise to fatigue crack initiation (see Figure 13.14).
To improve the fatigue strength of the repeated thermomechanical treatment
materials, further refinement of these large silicon crystals and/or com-

pounds is required.
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S-N data of repeated thermomechanical treatment materials at 77 K and 296 K.
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FIGURE 13.14

Matching halves of near fatigue crack initiation sites at 77 K: (a), (b) L1, 0., = 249 MPa, Nf =
153,580 cycles, (c), (d) L2, 6, = 393 MPa, Nf = 61,820 cycles, and (e), (f) L3, 0, = 133 MPa,
Nf = 1,604,240 cycles. Arrows indicate the crack initiation site.

Technological Applications

The present work demonstrates that the eutectic and/or hyper-eutectic Al-
Si-X alloys can have many microstructures without changing the elemental
composition. Repeated thermomechanical treatment causes the silicon crys-
tals and compounds to crack, and leads to a fine microstructure. In terms of
microstructure and performance, Al-Si alloys can be referred to as a metal
matrix composite; the matrix and reinforcement are chemically distinct with
a definite interface, combined three-dimensionally. The alloys possess prop-
erties that can not be obtained from the two constituents individually.

For repeated thermomechanical treatment materials in the as-annealed
condition, multiple passes, working either by swaging or flat-rolling at room
temperature, were carried out with various working strains. Cold-working
results in an increase in the flow stress and a decrease in elongation. How-
ever, cold-worked samples maintain a reasonable ductility, i.e., both several
percent uniform and local elongation. The work hardening of Al matrix may
be responsible for the higher strength in the cold-worked materials. Figure 13.15
shows transmission electron miloscope images of a heavily worked material,
and Figure 13.16 shows the electron backscatter diffraction pattern (EBSP)
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FIGURE 13.15

TEM bright field images of cold-swaged (1 = 2.3) repeated thermomechanical treatment S1
material (a, b) and its aging at 423 K for 86.4 ks (c, d) in the transverse section. Arrows indicate
Al;SiFe compound.

max 5.79

4.00
=303

2.30

=174

=132

— 1.00

i 0.76
min 0.05

5um 5.00 um = 25 Steps

FIGURE 13.16

EBSP analysis images of cold-swaged (1 = 2) and aged at 323 K for 86.4 ks repeated thermo-
mechanical treatment S1 material in the transverse section: (a) image quality map, (b) inverse
pole figure (IPF) mapping, (c) color reference of IPF, and (d) texture.
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FIGURE 13.17
[llustration of strength—elongation balance map for as-cast and repeated thermomechanical
treatment materials.

analysis images in the transverse section of the worked rod. In the matrix
of the heavily worked materials, the high density of the dislocation structure
was not observed, but sub-grains ca. 200 nm in diameter were detected. In
the case of rod, {111} y fiber and {100} cube texture appear in the rolling
direction plane (see Figure 13.16d).

Figure 13.17 illustrates schematically the relationship between ultimate
tensile strength and total elongation within wrought alloys.*® It is obvious
that an adequate balance of these properties can be obtained within the range
of the trend band shown in Figure 13.17. If the finished product must be
stronger than the fully annealed material, then the final operation must be a
cold-working step with the proper degree of deformation to produce the
desired strength. Such a procedure to develop a certain combination of
strength and ductility in the final product is more successful than trying to
achieve the same combinations of properties by partially softening a fully
cold-worked material.

Some prototype products using the modified repeated thermomechanical
treatment process have been developed under a modeling project supported
by Japan Science & Technology Corporation. A combination of modified
repeated thermomechanical treatment using drawing-annealing steps and
isothermal warm-forging on Al-Si based alloys has been applied in the
manufacturing of a motorbike engine piston. The product benefits by virtue
of less machining, and is lighter in weight.



Heavily Deformable Al Alloy 147

Summary

A new design concept for a recyclable material has been proposed where a
combination of multiple phases with fine microstructure is considered. A
novel repeated thermomechanical treatment, has been successful in achiev-
ing microstructural refinement of hyper-eutectic Al-Si-(Fe, Cu) cast materials
leading to improved tensile properties. It raises the possibility of designing
materials with balanced properties via cold-working. A modified repeated
thermomechanical treatment of Al-Si based alloys has been applied to
develop automotive forged parts, such as engine pistons.
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Introduction

It has long been recognized that sandwich structures, composed of stiff
outer layers held apart by a low density core, offer the potential for very
high specific stiffness and other attractive mechanical properties. Most
such structures are created by an assembly step of some sort, before or
during component manufacture. This limits the flexibility of the produc-
tion process and is relatively expensive. Nevertheless, there is consider-
able current interest in sandwich structures of different types, many of
them based on metallic faceplates and having metal-containing
cores—often made of stochastic cellular metals,'® or some more regular
structure such as a truss assembly.** However, traditional approaches to
the fabrication of the latter (e.g., investment casting) are cumbersome and
economically unattractive. A particular case of cellular metals is those
made of a metallic fiber network of some sort. A novel type of a sandwich
steel sheet with a fibrous stainless steel core has recently been developed’
based on a pair of thin (~200 um) stainless steel faceplates. This material
has been termed a hybrid stainless steel assembly (HSSA). It can, in
principle, offer a highly attractive set of property combinations, such as
low areal density, high beam stiffness, efficient energy absorption during
crushing, and good vibrational damping capacity. Furthermore, the over-
all thickness of the sheet (~1 mm), and certain features of the core struc-
ture, are such that its processing characteristics can be comparable with
those of a conventional monolithic metallic sheet. Some work has recently
been published on the elastic properties® and interfacial delamination
behavior® of such material.

In addition to mechanical stiffness and strength, electrical properties
are relevant, since efficient fabrication using steel sheets requires that
they should be weldable, preferably by electrical resistance (spot) weld-
ing. This is considered to be highly desirable for use in the automotive
industry.!”® There has been extensive work on simulation of heat and
current flow during spot welding!-* on applied force characteristics,!
and on welding of thin monolithic metallic sheets.!® However, there is
only limited information available!” on welding of metallic sandwich
sheets with fibrous metallic cores, although there has been some work!®
on welding of vibration-damped steel. This consists of two mild steel
sheets, typically 0.3 to 1 mm thick, separated by a thin layer of polymeric
adhesive (~20 to 500 um).

In this chapter, a study is presented of the mechanical and electrical
properties of three different variants of hybrid stanless steel assembly
material, and of their welding characteristics. Experimental data are
correlated with predictions based on simple analytical treatments, and
some conclusions are drawn about the advantages and disadvantages
of the variants concerned.
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Experimental Procedures

Material Production

Three core structures have been investigated: (a) transversely aligned fibers
bonded to the faceplates by adhesive (designated “flocked sheet”), (b) in-
plane pre-fabricated sintered mesh bonded to the faceplates by adhesive or
brazing (“long fiber in-plane mesh”), and (c) 3-D brazed fiber array (“short
fiber 3-D array”) brazed to the faceplates. In all three cases, the faceplates
were made of 200 pm thick 316L austenitic stainless steel. Manufacturin