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Abstract

A lightweight chassis for a battery electric vehicle being developed at the
University of Waikato was required. The chassis was designed around a
predetermined body shape and suspension setup. A chassis, built from 20mm
thick aluminium honeycomb sandwich panel, was designed and built to LVVTA
standards allowing the car to be driven on public roads. The chassis weighs a little
over a third the mass of a mass production car chassis. The car has been driven
over 1800km with only one minor problem, indicating the chassis is reliable and

well suited to its purpose.

Titanium aluminide properties were researched to identify where titanium
aluminides could be used in an automobile. Titanium aluminides have a specific
strength and stiffness near to steel yet only half the density making it an ideal
replacement for steel components. Automotive applications identified that could
benefit from the use of TiAl include valves, brake rotors and inside ‘in-wheel’

electric motors.
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Chapter 1 Introduction

1.1 Lightweight components in modern day cars

Over the last 25-30 years there has been an increasing requirement to lower
vehicle mass. This has been driven by two factors; increasing petrol prices due to
shortages in supply of crude oil and an increasing awareness of the environment

and the need to reduce exhaust emissions.

Lowering the mass leads to less energy being required from the motor to
accelerate and drive an automobile. These lower energy requirements mean
emissions and petrol usage from a lighter vehicle will be less than for a heavier
comparable car. A recent newspaper article has claimed every 100kg of weight
saved in a car can save 0.2-0.4 litres of fuel per 100km, depending on the type of
engine (Gupta, 2006).

The automobile industry’s drive for lower vehicle emissions and energy
consumption has led to the development of alternative means of propulsion, in
particular Battery Electric Vehicles (BEV) and Fuel cells. For the above reasons a
BEV has been developed at the University of Waikato. BEV’s have become
feasible due to improvements in battery technologies. The improvements have
increased battery energy density which allows substantial improvements to
driving range. Increasing range allows electric vehicles to be driven like

conventional internal combustion engine vehicles.
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Reducing weight is a key factor to reducing energy consumption. Various

lightweight materials being considered for use in vehicles include aluminium,

magnesium, titanium, fibre reinforced plastics and metal matrix composites

(MMC). Two drawbacks of these materials for their integration into vehicle

production are differing mechanical and physical properties compared to the

conventional vehicle material steel, and high material costs (Figure 1.1).

1.2 Reducing vehicle mass

The majority of automobiles are constructed from steel. Although in the past

decade there have been improvements to the strength of steel, it still has a high

density when compared to other lightweight metals (Figure 1.2).
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Alternative lightweight metals such as aluminium, titanium and magnesium are
being used in automobiles, but the material and development costs are currently
too high for many car manufacturers. Much research currently focuses on new
manufacturing processes as a way to reduce this influence of high material costs.
Lightweight materials can replace steel components if the component’s design is
optimised to better suit the lightweight material. Component shapes can be
optimised by using 3D Computer Aided Drawing (CAD) and Finite Element
Analysis. An example of this can be seen in Figure 1.3 where a complex
aluminium casting is used for mounting front suspension. This complex design

allows the casting to be light weight yet very strong.

Figure 1.3 The front casting for the Ford GT (Ramsden, 2006)

Lightweight composite materials include reinforced plastics, MMC’s and
sandwich panels. These materials are beginning to appear in structural areas in
premium vehicles. The addition of composite materials can bring about a
significant cost increase due to their increased materials, processing and

manufacturing costs.
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1.3 Titanium aluminide

Titanium aluminides have been the subject of much research, particularly in
Germany (Leyens & Peters, 2006) with the majority of research focused on
developing materials for use inside jet engines as replacements for more dense
nickel materials. More recent research has investigated automotive applications.
The main drive for this research is due to their low density and strength at high
temperatures. Titanium aluminides have begun to be used for automotive

components, including race car engine valves and turbocharger rotors.

1.4 Research objective

This research was undertaken as a project to design and construct a lightweight
chassis for a BEV to demonstrate the feasibility of a two seat high performance
BEV in the 2007 Panasonic World Solar Challenge. Research would also be
conducted into the properties of titanium aluminides for potential uses within the

automotive industry.
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Chapter 2 Literature review

2.1 Introduction

This review covers the function of a chassis, the different types of chassis and the
different materials used for chassis’s. From the review, a chassis suitable for a

BEV will be designed and manufactured.

The properties of titanium aluminide (TiAl) for use in automotive applications are
also investigated with the intention to design and manufacture a TiAl automotive

component.

2.2 Automotive Chassis

The chassis is the main structural frame of an automobile. It connects all key
vehicle components including suspension and drive train. There are five main
functions of an automotive chassis; to provide an area for occupants and luggage,
offer safety to the occupants and outside parties, provide points for mounting of
suspension and drive train, provide a stiff framework linking all mounting points

and to dampen Noise, Harshness and Vibration (NHV).

The vehicle chassis provides an area within or above where occupants can be
seated. This area can allow up to three occupants to sit adjacent to each other in up
to four rows. Space for luggage is generally provided near the occupant area.

Figure 2.1 provides an example of a vehicle chassis.

A vehicle chassis provides safety to occupants of the vehicle and outside parties.
It provides a means of absorbing energy from frontal, side and rollover impacts.
The greater the energy absorbed by the chassis on impact the lower the energy
levels transmitted to a vehicles occupants and surroundings, lowering the chances

of injury.
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Vehicles that are newly registered in New Zealand after 2002 and manufactured in
high volume (greater than 200 vehicles per year) must pass frontal impact laws to
prove occupant safety and meet the Land Transport Safety Authority’s approved
vehicle standards. Low volume vehicle manufacturers (less than 200 vehicles per
year) are required to meet the Low Volume Vehicle Technical Association’s
(LVVTA) low volume vehicle code. The Low volume vehicle code does not
require manufacturers to meet the frontal impact laws due to the high costs
incurred with such testing but must prove to the LVVTA the vehicle is safe for

occupants and other road users (Land Transport Safety Authority of NZ, 2001).

Figure 2.1 A Ford Mustang monocoque chassis (Ford Motor, 2005)

Major vehicle components are attached to the chassis as the chassis is the
structural frame of the vehicle. Suspension, drivetrain, body (if not integral with
the chassis) and steering are some of these components. The mounting of
components must be such that they are rigid as large movements may cause
components to interfere and thus not function as intended. Durability of all
mountings to the chassis is required as the design life of the chassis is typically
eight years. For example Toyota hybrid vehicles have a design life of eight years
or 160,000km (Toyota, 2007).
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A stiff chassis tends to produce superior handling and bends or twists less under
extreme loading. Bending or twisting a chassis changes the relative distances
between suspension mounting points, creating imprecise suspension geometry.
Imprecise suspension geometry creates unsatisfactory camber and castor, leading
to poor load distribution and surface area contact with the road, resulting in
decreased levels of grip (Figure 2.2). Correct suspension setup is easier to achieve
with a stiff chassis as a weak chassis can act like an unknown spring/damper
system consequently affecting suspension properties. A common method for
measuring chassis stiffness is torsional rigidity. Torsional rigidity is the degree
one end of the chassis twists under an applied load if the opposing end of the
chassis is restrained. A high performance topless sports car, e.g. Lotus Elise, has a
torsional rigidity of 11,000Nm/deg, about the same as a modern salon car (Wan,
1998-2000).

INCORRECT

CAMBER

Figure 2.2 Demonstration of how changing the tyre camber can alter the
forces and contact area of a tyre against the road (Alexander, October 2007).

There are five different scenarios where forces are acting on the chassis; cornering,
braking, accelerating, occupant/luggage and aerodynamics. Increasing chassis
stiffness means the forces are transferred across the chassis more directly and less
force is absorbed by chassis deformation. Direct load transfer also creates
improved handling due to the loads travelling along the intended load paths.
Chassis stiffness is of importance in vehicles because the chassis locates the doors,
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boot and bonnet. If the chassis twisted, they would no longer align and therefore

would not function correctly.

A chassis is designed to reduce Noise, Vibration and Harshness (NVH). Sources
of NVH are engine, driveline, tyres, road surface, and wind. NVH is designed to
be minimised in the occupant cabin to improve the occupants driving experience.
Over the last 10 years interior noise levels at constant speed on Germany’s

autobahn have been lowered nearly 50% (Braess & Seiffert, 2005).

2.3 Types of chassis

What follows is a brief overview of the different types of chassis and their

advantages and disadvantages.

Much research was conducted into the design and construction methods of a
variety of vehicles chassis and the latest advancements (Asnafi, Langstedt,
Anderson, Ostergren, & Hakansson, 2000; Bak, Bartlett, & Hars, 1995; Brylawski
& Lovins, 1999; Cole & Sherman, 1995; Corum, Battiste, Ruggles, & Ren, 2001;
Cramer, Taggart, & Inc, 2002; Feraboli & Masini, 2004; GSV, 2005; Inagaki &
Tanaka, 2002; Miller, 1996; Saito, Iwatsuki, Yasunaga, & Andoh, 2000; Tamaki,
1999; Yokota et al., 2002).

2.3.1 Ladder frame

Early car chassis design began as ladder frame due to its simplicity, versatility,
durability and low development costs. The ladder frame was very common for
passenger vehicles until the 1960’s and are still used for many Sport Utility
Vehicles (SUV’s) and trucks (Wan, 1998-2000).

The ladder frame consists of two longitudinal beams with multiple cross members
joining the two beams. An example of a Dodge RAM ladder frame chassis can be
seen in (Figure 2.3). The ladder frame chassis is versatile as it allows virtually any
body shape to be placed atop the chassis. This is beneficial because it allows a
vehicle manufacturer to produce many different types of vehicle with the same

chassis and driveline, lowering development costs. The ladder frame chassis is
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very durable due to its simplicity. If damage were to occur to a ladder frame
chassis it is much easier to repair than other types of chassis. The Longitudinal
beams are very stiff under bending through the use of closed section beams with a
high second moment of area. The high bending stiffness makes the ladder frame
chassis well suited for carrying large weights. Due to its simplicity, durability and
strength, ladder frame chassis’ are still used today for heavy duty vehicles
(Happian-Smith, 2001).

Many midsized SUV’s are manufactured with the ladder frame chassis as it offers
improved ride quality. The separate body atop a chassis can be very effectively

isolated from the chassis, lowering NVH levels significantly.

The ladder frame chassis weaknesses are: it is weak in torsion, it generally has a
higher centre of mass (COM), it can be heavy, a crumple zone is not able to be

integrated and they usually have higher production costs.

Figure 2.3 A Dodge Ram 2500 ladder frame chassis (Chrysler, 2007).

The ladder frame chassis is stiff in bending but its two dimensional design has low
torsional rigidity (Wan, 1998-2000). The use of a cruciform (diagonal bracing)
increases the torsional rigidity of a ladder frame chassis (Figure 2.4). The

cruciform is unique in design in that no member is subject to torsion. Generally a
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higher COM is attained due to the body being mounted above the chassis, and not
being integral as in a unibody chassis. The Ladder frame chassis utilises more
material than a unibody due to the body being entirely separate to the chassis. The
result is increased mass and increased fuel consumption. A crumple zone is
unable to be incorporated into the ladder frame chassis and must therefore be

incorporated as a separate unit (Wan, 2000).

0 Lop

Figure 2.4 A cruciform attached to a ladder frame chassis to increase

torsional stiffness (Happian-Smith, 2001)

2.3.2 Backbone (Torque Tube) chassis

An alternative to the ladder frame chassis is the backbone chassis. The backbone
chassis design consists of a single, large, longitudinal structural beam running
down the centre of the vehicle with lateral beams connecting the suspension. The
suspension and motor lateral beams are mounted off the backbone (Figure 2.5).
The strength and stiffness of the backbone chassis comes from the large closed
section of the central beam. This chassis is stiffer than the ladder chassis but not
stiff enough for high performance cars due to their higher torsion and strength
demands (Wan, 1998-2000). Also, the body is mounted above the chassis as for
the ladder frame (Happian-Smith, 2001).
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Figure 2.5 The Lotus Elan Backbone chassis (Wan, 1998-2000)

The backbone chassis offers no side impact protection for occupants and thus
occupant protection must be incorporated into the body.

2.3.3 Space frame

Space frames consist of many tubes joined together to create a complex, light and

very stiff structure (Figure 2.6).

Figure 2.6 Mercedes Benz 300SL space frame chassis (restorations, 2007).

The complex design creates a very rigid frame. To the detriment of the space
frame design there is difficulty in automating the assembly process due to the
complex nature. The design usually incorporates raised door sills to increase the
bending strength and stiffness. The high door sills can be seen in the Mercedes
Benz 300sl (Figure 2.6). The raised door sills hinder occupant entry and exit. To

overcome this, gull wing or butterfly doors are used as they allow easier occupant
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access through larger door openings. The space frame chassis is light due to the
minimal amount of structural material that is necessary. The required amount of
material is minimal because of the triangulated design which keeps all beams
under tension or compression, not torsion. With the beams not under torsion, the
cross sectional area of the beams can be reduced. An increase in stiffness

compared to the ladder frame and backbone chassis originates from the three

dimensional shape adding height (depth) to the design.

Figure 2.7 Audi A8 ASF® (s.r.o., 2007)

Aluminium space frames have been designed to decrease chassis weight further.
The first production aluminium space frame was the Audi A8 (Figure 2.7) which
utilised an Aluminium Space Frame (ASF) ®. The Lotus Elise chassis
(Figure 2.8), while technically not a space frame, is a low volume chassis design

that utilises extrusions, castings and sheet aluminium.



25

Figure 2.8 A CAD model of the Lotus Elise chassis (Jost, October 2004)

2.3.4 Monocoque/ Uni-body

A monocoque or uni-body chassis is a chassis that is integral with the body. The
monocoque chassis is the chassis of choice for all major car manufacturers,
equating to 99% of modern vehicles (Wan, 1998-2000). The monocoque chassis
is very complex yet cheap to produce, has large spaces and is very safe but has

rigidity to weight ratio similar to a ladder frame chassis.

The monocoque chassis is very complex. The complexity of the chassis is due to
the integration with the body shell. The integration makes set up costs large as
development of the chassis requires considerable time and money. The large set
up costs restricts the monocoque to high volume manufacture of vehicles. The
ease of manufacture is owing to the use of spot welds which is a very fast and
efficient joining method. The monocoque, while being cost effective is also
efficient at saving space due to the chassis being part of the body shell as there
can then be large component free areas within the chassis. With elements of the
body shell part of the structural chassis, reducing weight is difficult. The

monocoque chassis has a low rigidity to weight ratio (Wan, 1998-2000) due to the
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large amount of material used but the monocoque has high bending and torsional
stiffness (Happian-Smith, 2001). This is attributed to the chassis design placing
more emphasis on space efficiency than strength. Monocoque chassis can be seen
in Figure 2.1 and Figure 2.9. The large amount of material in a steel monocoque
chassis is beneficial for crash protection as the use of large amounts of material is
offset by the material absorbing more energy through crumple zones in the event
of an impact. (Happian-Smith, 2001; Wan, 1998-2000)

(@) (b)

Figure 2.9 Toyotas Funcargo, (a) monocoque chassis with right hand side

doors and (b) The complete car (J. Yamaguchi & online, 2007).

Carbon fibre monocoque chassis designs are similar to metallic monocoque but
they utilise carbon fibre to create the stiffest and is the most expensive chassis
available. Due to the price of carbon fibre the carbon fibre monocoque chassis is
used primarily for high performance sports cars. The carbon fibre monocoque is
known for its superior torsional rigidity and is exceptionally lightweight. An
example of the carbon fibre monocoque is the McLaren F1 in Figure 2.10 and the

Koenigsegg CCX in Figure 2.11.
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Figure 2.10 McLaren F1 composite chassis (Wan, 1998-2000)

Figure 2.11 Koenigsegg CCX carbon fibre chassis (Koenigsegg, 2007)

2.4 Chassis materials

As legislation demands lower fuel emissions and consumers call for lower fuel
consumption as fuel prices rise, automotive manufacturers look towards lighter
materials to lower vehicle mass. Many car manufacturers are now utilising
lightweight materials (mainly aluminium and magnesium) for structural
components. The replacement of steel parts with lightweight materials is not
straightforward as the materials have differing physical and mechanical properties.

The different material properties require different machining, heat treating and
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joining techniques while creating new fabrication techniques that can better

optimise component layout and shape.

Early in the development of automobiles slow moving steam powered vehicles
were able to use wooden chassis but increasing speeds and motor vibrations
caused durability problems. Steel has since been used for the majority of vehicle
chassis. Aluminium chassis’ have begun to be used by some high volume
automotive manufacturers over the last 20 years as a way to reduce vehicle weight.
Composites are also gaining more widespread use. Future chassis construction
could lead to complete composite structures designed to optimise weight loss and

mechanical properties, similar to the McLaren and Koenigsegg.

While many of these new materials are reducing the weight of the vehicle, the
large range of materials used is becoming a challenge for the automotive repair
industry. Correctly identifying the correct repair technique and material grade

becomes a challenge.

Steel

With the need to dramatically reduce vehicle weight, many vehicle manufacturers
are undertaking research into alternative materials. The 7,850kg/m® density of
steel is high when compared to other materials used in automobiles. By

comparison aluminium has a density of 2,700kg/m®.

The steel industry, through the Ultra Light Steel Auto Body (ULSAB) consortium,
launched research into the use of high strength steels and alternative fabrication
techniques for manufacture of an automotive body. The aim of the consortium
was to determine if a substantially lighter steel automotive body could be
constructed. The results from the ULSAB consortium were a 25% mass reduction
from the benchmark figure, 80% and 52% increase in bending and torsional
rigidity respectively while exceeding all impact requirements. The techniques
used for the ULSAB have since been used by car manufacturers in the 3-series
BMW and Opel Astra. (Birch, 2000)
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An advantage of steel over other structural materials is the majority of tooling and
machinery used by the automotive industry is designed for steel construction.
Steel has been used extensively within the automotive industry so its properties

are very well known and therefore has been thoroughly researched.

Tailor welded blanks have been used since 1985 for reducing body structure mass.
Tailor welded blanks involve designing parts with differing material thicknesses.
Sheets are cut to shape and the different thickness sheets are welded together
(Figure 2.12), usually with laser welding. The sheet is then placed into a die and
formed to shape (Figure 2.13).Tailor welded blanks have many advantages such
as mass reduction, ability to place optimal grades and thickness where needed,
elimination of reinforcements, reduction of parts, improved energy transfer across
joints making frame stiffer and better corrosion resistance because there are no
overlapped joints. (Engineering, 2007; Porsche Engineering Services, 1998; Team,
1995)

2.5mm 1.0mm 2.5mm

Figure 2.12 A tailor welded door inner ready for forming (Reynolds Metals
Company and Ogihara America Corporation, 2007)
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5182-0 5182-0

Figure 2.13 The tailor welded blank after forming (Reynolds Metals
Company and Ogihara America Corporation, 2007)

Aluminium

Significant weight savings can be achieved through the replacement of a steel
chassis with an aluminium chassis as aluminium has one third the density of steel.
Cast aluminium components used in the Ford GT are required to meet the
minimum Ultimate Tensile Strength of 180MPa and 5% elongation (Ramsden,
2006). Manufacturers are investigating the use of aluminium for structural
components and a small number have started production. Current vehicle
manufacturers and cars with aluminium chassis include the Audi range (A2, A4,
A8, TT and R8), the Jaguar XJ (Figure 2.14), the Ford GT, the Chevrolet Corvette
(Figure 2.17) and Lotus Elise. Due to aluminium’s different mechanical properties,
to replace a steel chassis with aluminium requires a complete redesign of the
chassis. Different forming processes are able to be used with aluminium when
compared to steel. Extrusions, sheet and castings are generally used, as well as
some forged components. The Audi R8’s ASF uses 70% extrusions, 22% panels
and 8% vacuum die cast (Audi, 22 January 2007).

Due to aluminium’s reactive oxide layer, components are laser welded or bonded
and riveted using self piercing rivets. The aluminium oxide layer prevents the use

of spot welding, the main joining technique of a steel chassis.
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Figure 2.14 The Aluminium Jaguar XJ monocoque chassis (Jaguar, 2007)

The use of aluminium allows the reduction in the number of chassis parts. Casting
and extruding allow many different shapes to be produced in a single component,
whereas accomplishing the same from steel sheet would require the assembly of
many pressed steel components. Audi’s third generation ASF has only 267 parts
whereas the previous ASF chassis had 334. Lower part counts lead to fewer joints

which create increased stiffness and improved crashworthiness. (Audi, 2003)

The major obstacle to the widespread use of aluminium is the cost. An example of
this is the cost of producing a bonnet (Hood). Porsche Engineering found that to
produce an aluminium bonnet it would cost 104% more than a high strength steel
equivalent, although the steel hood would weigh nearly twice as much (13.5kg vs.
26.3kg) (Porsche Engineering, 2005). Extensive use of lightweight materials
within a vehicle to create a lightweight vehicle could lead to greater fuel savings.
With fuel savings for the life of the vehicle, there is potential for the price
difference to be reimbursed through lower fuel consumption and reduced

greenhouse gas emissions.
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The first Audi A8 that came out with an ASF chassis is claimed to have a 430kg
weight reduction compared to the average luxury car. This weight savings
translate into fuel consumption reduced by 1.9L/100km. Over the 160,000km
lifetime of the vehicle, this equates to a 3,140 Litre savings (or $5,495 with 95
octane at $1.75/L). The reduced fuel consumption eliminates 6,800kg of carbon
dioxide. (Schlendorf, 2002)

The Audi TT (similar to Figure 2.15) is a mass produced aluminium space frame
vehicle. The chassis design is similar to the original steel monocoque but the
Aluminium Space Frame (ASF) weighs only 52% of the steel monocoque and has
an increase of 50% and 128% for torsional stiffness for the coupe and Roadster
respectively (Audi, 8 December 2006). A photo of an aluminium space frame can

be seen in Figure 2.16.

y

BN Blech / Panel
B Profil / Extrusion
B Guss / Casting |

Figure 2.15 The Audi A8 Aluminium Space Frame (ASF) showing the
makeup of the different chassis components (Audi AG, 2002)
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Figure 2.17 The 2008 Corvette ZR1 aluminium space frame chassis (Bryant,
2008)
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Aluminium is a difficult material to use for tailor welded blanks because of
porosity, cracking and lowering of strength at the weld zone. The high reflectivity
of aluminium also creates difficulties in coupling of the two materials. Examples
of tailor welded blanks in use can be seen in Figure 2.18 (Engineering, 2007,
Kinsey, Viswanathan, & Cao, 2001; Stasik & Wagoner, 1997)

Center Piar .

A-Pillar Renforcement

Windshieks Frame /

Front Door Inner

Figure 2.18 Body panels made using tailor welded blanks (Kinsey,
Viswanathan, & Cao, 2001).

Composites

Composites are not widely used for chassis due to their high costs, their isotropic
mechanical properties and their sometimes unpredictable failure modes. Examples
of composite materials include: sandwich materials, reinforced plastics and Metal
Matrix Composites (MMC). This review will predominantly cover reinforced

plastics and sandwich materials.
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Sandwich panels have been used in vehicles in many different forms. One of the
first Ford GT40 race cars (1966) used aluminium honeycomb for its chassis. This
created an exceptionally light stiff structure weighting 136kg lighter than the
Mark 11. The ford GT40 used one inch thick aluminium honeycomb sandwich
panel for the front and rear bulkheads, and half inch thick aluminium honeycomb
sandwich panel elsewhere. The aluminium honeycomb sandwich panel had
0.016inch (0.41mm) thick facings (Koganti, 2005; Spain, 2003). Aluminium
honeycomb is used in many Formula cars, including Formula 1. A more recent
vehicle to use sandwich material is the Strathcarron. The Strathcarron chassis can
be seen in Figure 2.19. The Strathcarron car consisted of an aluminium
honeycomb sandwich panel cockpit with space frames front and rear to attach the
suspension and motor. Originally the front of the car was also made from the
same sandwich panel as the cockpit, but it was found to be too strong in crash test
modelling, so a deformable space frame was designed instead. The Strathcarron is
no longer produced due to escalating development costs and emissions legislation
(Pistonheads, 2001).
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Figure 2.19 A Strathcarron chassis after construction. The front and rear
subframes attach to this (Pistonheads, 2001).

Reinforced plastics are highly desirable to construct a chassis, particularly carbon
fibre reinforced. The disadvantage of reinforced plastics is their increased cost and
their difficulty to manufacture. For these reasons they are particularly suited for
low volume production vehicles. In many situations they also form the outer skin
of a sandwich panel structure. Carbon fibre reinforced plastic structures are highly

desirable because they create very stiff structures at very low weight.

A carbon fibre car body involving many partners, including Lotus Engineering
and the Cranfield University centre for Lightweight composites, is being designed
and built that will have a bodyweight of 125kg. This is dramatically less than the
320kg in an average conventional steel car. The chassis itself weighs 92kg. This is
exceptionally lightweight. The construction techniques used are designed for
production of up to 20,000 vehicles a year, with the main time constraint the resin
impregnation and curing times. The new process results in reduced material

wastage and has the potential to be automated. Typical carbon fibre composite
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chassis such as the McLaren F1 can take well over 1,000 man hours to mould the

composite components. (Mills, 2002; Wilton, 2002)

Metal Matrix Composites (MMC’s) are similar to reinforced plastics, but the
matrix phase is metal as opposed to plastic. MMC’s are still expensive so their use
has been restricted to drive shafts, engine components (for their wear resistance)

and forged suspension and transmission components. (Callister, 2003)

Examples of current cars utilising composite components include the McLaren F1
(Figure 2.10) and the Koenigsegg (Figure 2.20, Figure 2.21). These are high
performance super cars and therefore the weight gains from using expensive

composites can be justified.

Figure 2.20 Koenigsegg composite chassis (Koenigsegg, 2006).
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Figure 2.21 Close up of aluminium honeycomb under carbon fibre facings in

the Koenigsegg chassis (Koenigsegg, 2006).

2.5 Titanium aluminides

Titanium aluminides are a material that has been widely investigated for
aerospace use due to it reduced density, high temperature strength and oxidation
resistance. Titanium use in the automotive industry has been limited due to its

significantly increased material and processing costs compared to steel.

2.5.1 Introduction

Titanium aluminides (TiAl) are a class of titanium alloys containing 48-54%
(Donachie, 2000) or 45-48% (Leyens & Peters, 2006) aluminium and having
slightly lower densities to that of titanium. They can be characterised by the fact
they generally form a TiO, oxide layer instead of Al,Os. The titanium aluminides
are valued for their lower density than steel and nickel based superalloys, high
strength retention at elevated temperatures and high modulus although they have
limited ductility and poor fracture toughness. Titanium aluminides poor ductility

and fracture toughness can lead to processing difficulties.

There are three classes of titanium aluminides alpha-2 (TisAl), Gamma (TiAl) and
Ti,AINb orthorhombic. Most Literature has been focused on the alpha-2 and

gamma titanium aluminides. This research has been focused primarily within the
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aerospace industry as aeroplanes have great benefit from reducing weight even at
higher cost. Figure 2.22 shows how the weight savings for automobiles compared
to aircraft. This figure indicates a saving of 1kg must only add an extra €0.01 to
the automobile cost, whereas with a large aircraft, a weight saving of 1kg can add
€1.00 to the aircraft cost. This is because there can be long term savings in less

fuel used, larger payloads within the aeroplane and less maintenance.

TE/ kg TE / wt-%
Automobile 0.01 0.1
Regional aircraft 0.5 100
Large aircraft 1 1000
Space 10 10 (0

Figure 2.22 Tolerable extra costs for weight reduction of 1kg or 1% of the

structural weight. (Peters, Kumpfert, Ward, & Leyens, 2003)

Automotive use of titanium began in 1992 with the Honda Acura NSX using it for
connecting rods. The titanium alloy used was Ti-3Al-2V-rare earth. The titanium
connecting rods weighed 30% less and permitted a 700RPM higher rev limit
primarily due to the reduced rotating mass (Honda). Several other components
have been manufactured since but the limiting factor is the cost of titanium metal

and its processing.

While titanium has weaknesses these hurdles can be overcome to produce
components, in a similar fashion to the rust proofing of steel for chassis use

enables it to last significantly longer than if it were uncoated.

2.5.2 Titanium

Titanium is the ninth most abundant element and fourth most abundant structural
element on the earth. It was first discovered in 1791 by Rev. William Gregor in
England and later isolated in impure form in 1880. Pure titanium was not isolated
until 1910 titanium, when Matthew Albert Hunter put titanium tetrachloride and
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sodium together at heat. In 1934 Wilhelm Justin Kroll separated titanium using
calcium. This reactant was later changed to magnesium and produced
commercially by DuPont in 1948. (Donachie, 2000; Leyens & Peters, 2006;
Lutgering, 2007)

Titanium is a highly sought after metal because it has a specific gravity of
4.85g/cm® (Figure 2.23) and a melting point of 1668 °C. Titanium’s specific
gravity is lower than steel’s 7.8 g/cm®. The specific gravity of titanium classes it
as a light metal (less than 5 g/cm®) yet it is the heaviest light metal. Titanium has
high strength, comparable to high strength steels and nickel based super alloys.
(Donachie, 2000; Leyens & Peters, 2006; Wayman & Bringas, 1993)
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Figure 2.23 Density of various metals (Leyens & Peters, 2006)

Titanium is considered an exotic material due to its limited use. This is primarily
due to the extremely high extraction costs. There have been recent developments
in reducing titanium from a compound to an element. These are the Cambridge
and the Armstrong process. The Cambridge process requires further investigation
to determine if cheaper titanium will be produced. The Armstrong process is a
process that can produce lower cost titanium. A cost comparison of titanium to

aluminium, magnesium and steel can be seen in Figure 2.24 (Crowley, 2003).
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Cost Index

Titanium Aluminum Magnesium

[ Costkg # Cost/dm® # Cost/spec. strength

Figure 2.24 Cost comparison of titanium to steel, aluminium and Magnesium
(Leyens & Peters, 2006)

Only 5% of all titanium produced is used for metal. 95% of titanium is sold as
titanium dioxide to be used as a pigment in paints (Lutgering, 2007). The cost of
titanium metal is dictated largely by the aerospace industry as they are the largest
titanium metal user. Aerospace titanium usage is not constant and generally has
high/low demand cycles. The Kroll process has high capital costs, and these
cannot be supported at low demand times. This creates great uncertainty for
titanium producers and many American titanium producers have closed due to

production becoming uneconomical (Crowley, 2003).

Titanium has a HCP crystal structure at room temperature changing to a BCC
crystal structure at temperatures above 882 °C (Leyens & Peters, 2006). Examples
of these crystal structures can be seen in Figure 2.25.(Donachie, 2000; Leyens &
Peters, 2006)
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Figure 2.25 HCP and BCC crystal structures

While a TiO; layer is advantageous for corrosion resistance, too high oxygen
content can make titanium stronger but more brittle. Oxygen diffuses into the
metal at temperatures above 600 °C as an interstitial atom. This creates
embrittlement within the metal. The four grades of CP (commercially pure)
titanium are differentiated by their different oxygen contents (0.18% (gradel) to
0.40% (grade 4)). Nitrogen has a similar affect to Oxygen although it is not as
reactive to titanium. The effects of oxygen, nitrogen and carbon on tensile
strength can be seen in Figure 2.26.
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Figure 2.26 The effects of interstitial atoms on the strength of pure titanium
(Donachie, 2000)
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2.5.3 Titanium Production

Rutile (containing titanium oxide (TiO)) is combined with coke and chlorinated
in a reactor at 1000 °C, then purified. For pigment manufacturers, the purified
titanium tetrachloride is oxidised back to TiO,. For the metal industry, the Kroll
process is undertaken. The Kroll process involves reducing titanium tetrachloride
in a retort at 800 °C to 900 °C to produce titanium sponge. The titanium
tetrachloride is reduced by magnesium. The unreacted magnesium and
magnesium chloride are distilled off, leaving a porous titanium sponge. The
titanium sponge is removed from the retort and melted down several times to
ensure uniformity and remove inclusions. The Kroll process is a labour intensive,
expensive and inefficient. Its batch processing is not suitable for large
volumes.(Gerdemann, 2001; Leyens & Peters, 2006)

The Hunter process is similar to the Kroll process but uses sodium instead of

magnesium, making it a slightly more inefficient process

The FFC Cambridge process involves pressing TiO, into pellets so it becomes a
cathode in a 950 °C calcium chloride bath. The anode is Graphite. A current is
applied and the oxygen in the TiO, is ionised, dissolving into the bath. This
process can produce titanium with oxygen content down to 60 parts per million
(PPM). The advantage of this process is it can begin with a cheaper material,
Rutile containing TiO,. The current difficulty with the FFC Cambridge process is
that an inexpensive source of pure TiO, is needed to produce titanium with lower
impurities.  In the Kroll process, chlorination purifies the TiO,, removing

impurities. (Gerdemann, 2001)

The Armstrong process reduces titanium by injecting titanium tetrachloride into a
stream of liquid sodium (Figure 2.27). This is a continuous process as opposed to
all other processes which are batch processes. A continuous process is much more
desirable for the production of metals as it improves product quality, consistency
and is more economically efficient. The products of this reaction are titanium
powder which meets specifications for commercially pure titanium, and sodium

chloride. The sodium chloride is broken down electrolytically for reuse of the
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sodium and chloride. The titanium powder is highly suitable for producing
powder metallurgy and near-net products. Homogeneous alloys are able to be
produced directly by injecting the other alloying elements into the flow along with
titanium. Small scale trials have shown consistent blending of all alloying
elements. The Armstrong process is believed to reduce final parts production
prices by up to 50%.(Crowley, 2003; Leyens & Peters, 2006)

TiCl,
feed

Reactor

Sodium separation
system

Sodium Narecycled

NaCl NaCl

separation system

Titanium powder

Figure 2.27 An overview of the Armstrong process (Crowley, 2003)

In recent years (2004-2005) there has become a shortage of titanium as recent
developments and demand grows for its use in new aeroplanes such as the Boeing
787. The shortage can also be attributed to the reduction in titanium recycling due
to globalisation of titanium component production, making it uneconomical to
return shavings from manufacturing processes to the material supplier. Titanium
alloy engine valves appear to be gaining acceptance within the automotive
industry with approximately four million valves produced in 2005. (Lutgering,
2007)
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2.5.4 Titanium aluminides

Although there are three different phases of titanium aluminide, this research will
focus primarily on the Gamma (y-TiAl) titanium aluminides. Properties of y-TiAl
that make them particularly attractive are: high melting point of 1460 °C, low
density (3.9-4.2kg/cm®), high elastic modulus, high diffusion co-efficient, good
resistance to oxidation and corrosion and lower tendencies to combust in

comparison to titanium. (Leyens & Peters, 2006)

The binary phase diagram for TiAl has long been debated due to differing
amounts of impurities. There are two different phases of TiAl, one with one phase
and the other with two phases. y-TiAl has only the one phase and has an
aluminium composition of 50-56 at.%. Whereas (02 + y) TiAl generally has a
maximum of 48 at.% aluminium. The phase diagram seen in Figure 2.28 shows
these TiAl regions. Selection of different solidification paths allows different
microstructures to be created. The y-TiAl phase has a tetragonal structure
(Figure 2.29). Titanium aluminides retain this tetragonal structure up to melting
point. (Gerling, Clemens, & Schimansky, 2004; Leyens & Peters, 2006; Polmear,
2006)



46

1 600 L) T T 1 Al 1 T 1 L)

1500

1400

1300 -

1200 -

Temperature [°C]

1100 |-

1000 -

Aluminium [At%]

Figure 2.28 The binary phase diagram with the engineering y-TiAl alloy area
highlighted. The diagram also shows how phase boundaries shift by addition
of alloying elements. (Gerling, Clemens, & Schimansky, 2004)

[101] [001]

r'd
1

0100 M TR DT

Figure 2.29 y-TiAl tetrahedral phase structure (Leyens & Peters, 2006)

Table 1 is a comparison of some mechanical properties between conventional

titanium alloys, a,- and y- TiAl alloys and superalloys.
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Ti-based TizAl-based TiAl-based
Property alloys o alloys v alloys superalloys
Density (g/cm?) 4.5 4.1-4.7 3.7-3.9 8.3
RT modulus (GPa) 96-115 120145 160-176 206
RT Yield strength (MPa) 380-1115 700-990 400-630 250-1310*
RT Tensile strength (MPa) 480-1200 800-1140 450-700 620-1620*
Highest temperature with 600 750 1000 1090
high creep strength (°C)

Temperature of oxidation (“C) 600 650 900-1000 1090
Ductility (%) at RT 10-20 2-7 1-3 3-5
Ductility (%) at high T High 10-20 10-90 10-20
Structure hep/bec DO19 L1y Fee/L 15

Table 1. Comparison of y- and a,- TiAl alloys to Ti based alloys and
superalloys (Kassner & Perez-Prado, 2004)

2.5.5 Alloying

These are guidelines for the mechanical properties of y-TiAl regarding alloy

composition from ‘Titanium — a technical guide’ (Donachie, 2000)

- Decreasing aluminium content increases strength but lowers ductility and
oxidation resistance

- Chrome (Cr), Manganese (Mn) and Vanadium (V) in up to 2 at.% per
element have been found to increase ductility.

- Niobium (Nb) of 1-2 at.% is required for oxidation resistance

- Boron (B) in 0.2-2 at.% acts as a grain refining coagulant and for
stabilising the microstructure at high temperatures.

While according to the ‘Encyclopaedia of materials, parts and finishes’ (Schwartz,

2002), the following classification can be used to predict TiAl alloy properties.

Alloy Class Compositions (at.%)
Single Phase (y)* Ti-(50-52)Al-(1-2)X;
Two Phase (a3 + )" Ti-(44-49)Al-(1-3)X1-(1-4)X2-(0.1-1) X3

aX2=W, Nb, Ta
bx1= V, Mn, Cr; X2 =Nb, Ta, W, Mo; X3 =Si, C, B, N, P, Se, Te, Ni, Mo, Fe

From the above classification, the following generalisations apply.
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- X1 elements increase ductility in the two phase alloys (allowing up to
twice the ductility)

- X1 and X2 elements strengthen the alloy through solid solution
strengthening — Cr most, Mn least

- X1 elements reduce oxidation resistance

- X2 elements do not increase ductility but they do improve oxidation
resistance

- X3 -C and N, improve creep; Si, B, Ni and Fe decrease the melt viscosity
and Si may improve oxidation resistance and room temp ductility.

(Polmear, 2006) has a slightly different approach to classifying how alloying

elements affect TiAl properties. They are as follows:
- Cr,V, Mn, and Si: improve ductility but decrease oxidation resistance

- Nb, Ta, Mo and W: enhance oxidation resistance

Si, C and N: in small amounts increase creep resistance

TiAl Metal Matrix Composites (MMC) may be able to improve upon some of
TiAl’s shortcomings in the future. A TiAl Matrix with 7 vol.% TiB was
investment cast to create a missile fin. The TiAl MMC fin had half the density of
stainless steel and was stronger at operating temperatures. (Donachie, 2000;
Schwartz, 2002)

2.5.6 Mechanical properties

The Hall-Petch equation (1) is used to describe the relation between yield stress

and grain size.
o=0,+K, D2 (1)
Where:

c is the yield stress
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Oo is a material constant for the starting stress for dislocation

movement (or the resistance of the lattice to dislocation motion)
Ky Is the strengthening coefficient (a constant unique to each material)
D is grain diameter

Using the Hall-Petch equation and results from previous studies, a value for ¢, of

133MPa was found. This low o, value means the KyD™?

term has the greatest
influence (about 70%) on the strength of TiAl alloys. This therefore means the
strength of TiAl alloys is mainly determined by microstructure, making grain

refinement important to achieving high strength alloys. (Leyens & Peters, 2006)

Deformation at low temperatures is mostly due to slip, although slip movement is
severely restricted. At higher temperatures twinning also occurs, permitting higher
ductility. (Polmear, 2006)

Titanium aluminides have good strength, particularly when specific strengths are
compared to steels and nickel-based alloys. Figure 2.30 compares the different
titanium aluminides and the high strength nickel based alloys.
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Figure 2.30 Comparisons of TiAl alloys to steel and Ni-based superalloy from

0 °C to 800 °C. (Wu, 2006)

Figure 2.31 shows the strength of TiAl alloys stays constant until a temperature
between 700 °C and 800 °C is reached, whereby ductility increases and the yield

stress decreases.
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Figure 2.31 A stress-strain graph for Ti45AI8Nb0.5(B,C) TiAl alloy (Wu,

2006)
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Figure 2.32 The stiffness of TiAl alloys (a) and TiAl alloys compared to other
high strength metals (b) (Zhang, Reddy, & Deevi, 2001).

(Zhang, Reddy, & Deevi, 2001) have found the stiffness of TiAl alloys is not too
dissimilar from other high strength Metals (Figure 2.32). The stiffness is larger
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than the titanium alloy Ti-6Al-4V, showing the increase in aluminium content

improves the young’s modulus value.

Ductility of TiAl is very low at room temperatures making it a very brittle metal
(Table 1, Figure 2.33). The low ductility makes processing and fabrication very
difficult as the TiAl acts in a very brittle manner. At elevated temperatures, the
ductility of TiAl increases, particularly once the temperature exceeds 600 °C.
(Donachie, 2000; Polmear, 2006)

Controlling the microstructure of a TiAl component is vital to increasing ductility.
Lamellar structures in TiAl of alternating y and o, plates provides the best
ductility (Wu, 2006). Approximately 30% o, appears to be the best ratio of oy. y
to obtain the maximum ductility (Smallman & Bishop, 1999).

15 | Alloy Steel
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Elongation, %
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0 | 1 1 I
0 200 400 600 800

Temperature, °C

Figure 2.33 Ductility of alloy steel, Ni-based super alloy and a TiAl based
alloy (Wu, 2006)

Titanium aluminides have low fracture toughness and thus low tolerance to
damage (Donachie, 2000; Leyens & Peters, 2006). TiAl alloys generally have
fracture toughness values ranging from 5 to 25MPam™? which are values which
are slightly higher than ceramics but well below titanium alloys. For a material to
be considered structural, a lower limit of 25MPam®? is required. (Wu, 2006)
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Toughness is defined as the energy a material can absorb before rupture and is
calculated by the area under the stress-strain graph. TiAl has a very low toughness
due to its very low ductility as seen in Figure 2.31. The low ductility means the
strain axis is very short, lowering the amount of energy TiAl can absorb

dramatically.

Fatigue properties of TiAl alloys show that in the event there are no sharp defects,
an excellent fatigue resistance is achieved. The excellent fatigue resistance can be
seen by the endurance ratio higher than 80% of the ultimate tensile strength of the
alloy. Changing the surface and internal properties can change the fatigue strength
(Henaf & Gloanec, 2005).

Fatigue crack growth thresholds have been found to be in the range from 6 to
10MPamY? by (Djanarthany, Viala, & Bouix, 2001).

2.5.7 Thermal Properties

The Thermal Conductivity of four different TiAl alloys can be seen in Figure 2.34
(@). The TiAl alloy tested was the CTI-8, with a composition of Ti-47Al-4(N, W,
B). The thermal conductivities of the TiAl alloy were compared to other steel
alloys and titanium alloys in Figure 2.34 (b). The thermal conductivity of the TiAl
alloy was similar to the conductivity of many of the other alloys, except for the
titanium alloy Ti-6Al-4V, which was about half the thermal conductivity. (Zhang,
Reddy, & Deevi, 2001)
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Figure 2.34 Comparisons of CTI-8 (TiAl alloy) with other TiAl alloys (a) and
other high strength metals and titanium alloys(b) (Zhang, Reddy, & Deevi,
2001).

The melting point of TiAl alloys is approximately 1460 °C depending on

microstructure and alloying constituents (Leyens & Peters, 2006).
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Figure 2.35 Coefficient of thermal expansion of various TiAl alloys (a). CTI-8
is a TiAl alloy. The coefficient of thermal expansion of the TiAl alloy is also
compared to other metals (b). (Zhang, Reddy, & Deevi, 2001)

(Zhang, Reddy, & Deevi, 2001) have found the coefficient of thermal expansion
of TiAl alloys is less than other high strength alloys (Figure 2.35). A low thermal

expansion coefficient is beneficial because it allows better sealing between
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components over increasing temperatures. These values were very similar to those
found by (Djanarthany, Viala, & Bouix, 2001).

The creep behaviour of TiAl alloys depends strongly on the alloys microstructure
and the alloy composition. Fully Laminar microstructures demonstrate the highest
creep resistance, the lowest minimum creep rate and the best primary creep
behaviour meaning this microstructure has the longest times to attain a certain
strain. This property can be clearly seen in Figure 2.36. (Kassner & Perez-Prado,
2004)
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Figure 2.36 Creep curves at 760 °C and 240MPa for three different

microstructures, Fully Laminar (FL), Nearly Laminar (NL) and Duplex (DP).
The alloy is Ti-48Al. (Kassner & Perez-Prado, 2004)

2.5.8 Physical properties

y-TiAl alloys have Densities of 3.9-4.2kg/cm®. This is approximately 49% the
density of steel, making titanium an excellent lightweight substitution for steel
and other high strength, high density metals (Leyens & Peters, 2006).
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The cost of titanium compared to other metals can be seen in Figure 2.24. It is
clearly shown that the cost of titanium is substantially greater than that of other
common metals. This is due to the processing costs as discussed under the
heading Titanium Production. While the cost of Aluminium is not as much as

titanium, it is still greater than that of steel. (Donachie, 2000)

Due to the high costs associated with TiAl alloy elements, cheaper processing and
manufacturing methods are being developed which are near net shape (NNS).
NNS components are very close to final shape and therefore there is only very
minimal material wastage. These processes include powder metallurgy (PM),
metal injection moulding and Laser RP

TiAl alloys are very corrosion resistant at low temperatures but at temperatures
above 600 °C the oxide layer becomes brittle due to oxygen. This brittle layer can
cause premature fracture damage in fatigue. The Oxide layer that forms below 600
°C is alumina (Al,O3), which is different to titanium alloys. Titanium alloys have
greater oxidation resistance but not to as high temperatures. Improving the
oxidation temperature at high temperatures through the use of surface coatings is

currently under investigation. (Djanarthany, Viala, & Bouix, 2001)

The Human body is in a very susceptible to unfamiliar metals and therefore
introducing implants within the body can produce unwanted effects within the
body including death. Titanium is a bioactive material that can have body tissue
actively bond to it, creating a strong bond. Ti-6Al-4V is generally used. The y-
TiAl alloy Ti-45A1-2W-0.6Si-0.7B shows promising attributes such as
producing lower concentrations of Al and Ti ions while in a solution resembling
body fluids. The TiAl alloys also had low passive current densities. The passive
current densities are lower than for Ti-6Al-4V, a very common implant material,
but the TiAl alloy has yet to undergo full testing (Escudero, Munoz-Morris,

Garcia-Alonso, & Fernandez-Escalante, 2004).

TiAl wear properties are generally not acceptable as seen in Figure 2.37 and

Figure 2.38. Thin hard coatings of nitrides or carbides can be prepared by physical
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(PVD) and chemical (CVD) vapour deposition. Titanium Nitrate (TiN) is the most
widely used coating for PVVD while titanium aluminide nitrate (TiAIN) is used for
demanding surfaces. (Boonruanga, Thongtema, McNallanb, & Thongtem, 2004;
Schwartz, 2002)

Tribological tests were performed on many coatings. They were: CrN, TiAIN,
TIAICN, TiCN, TiCN+C, TiN+C, TiB2 and WC and molybdenum coatings. The
coatings were tested for load capacity, adhesion power, abrasion force, hardness
and fatigue strength. Of all of the coatings TiAIN gave the best results (Schwartz,
2002).

Coatings can also be applied to obtain greater oxidation resistance. These include:
aluminizing,  metal-chromium-aluminium-yttrium  overlay coatings and

silicides/ceramics.
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Figure 2.37 Results from testing a TiAl alloy for use as a turbocharger

turbine at 850 °C for 500hrs in normal atmosphere. (a) is the weight gained
by the turbines, and (b) is backscattered images of cross sections through the
surfaces. Dev. TiAl is the TiAl alloy developed by Mitsubishi heavy industries,

Conv. TiAl is a conventional TiAl alloy and Inconel 713C is a nickel based

super alloy that has conventionally been used. (T. Tetsui, 2002)
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