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1.1 Introduction

The core content of this edition is essentially the same as the first, but the opportunity has now been taken to update the coverage of both materials and associated manufacturing advances and generally report on progress made during the last decade. The latest legislative and environmental requirements are highlighted and the response of the industry in terms of design and processing are outlined. These include the progress made with regard to higher strength steels, the application of composites, aluminum and other lightweight materials. Advances in processing include the automation of composite outer panel production to a mass production stage, essential if composites are to reach volume models, and the increasing use of lasers in joining, which has been enabled by the increasing versatility of beam technology offered by innovative power sources and transmission modes, such as YAG systems. The emergence of electrical drive systems and their possible effects on body-in-white (BIW) design and materials choice is also considered, although it may be at least a decade before electric vehicle (EV) systems in various guises have a real presence in the market. In the meantime the opportunity exists for the full potential of alternative steels and lightweight materials being developed through current programs to be realized.

Significant additions to relevant chapters have been made on subjects such as the development of lightweight body materials in North America and lessons learned from the Far East with regard to the implementation of new steel grades. In particular, the contribution from the FreedomCAR Automotive Lightweighting Materials program, sponsored by the US Department of Energy, is discussed. This program illustrates the considerable investment in terms of resources and efforts being made into the research and development of lightweight materials. A major thrust is being made there to reduce the cost of carbon fiber, so that it becomes a competitive option as a material choice for body structure, and practical recycling solutions are being explored. The increased application of non-ferrous body content is being studied, especially with regard to magnesium. The EV influenced ‘Future Steel Vehicle’ project is also outlined; it looks at possible structures for small and larger cars from hybrid through to fuel cell modes and considers the modifications necessary for battery and cell stacks. The importance of this work is its emphasis on volume production and the pragmatic changes required in order for newer materials to be handled in volume, and, thus, achieve worthwhile reductions in greenhouse and other harmful emissions. The opportunity is also taken to update readers on the latest targets for emissions, recycling and end-of-life vehicle (ELV) legislation and the recent progress that has been made by manufacturers in addressing them.

A major objective for BIW development remains its contribution to emissions control through weight reduction, which is achieved by design and materials choice, and complements the work being carried out on alternative power modes. Significant reductions have been achieved in current structures, but further reductions will be necessary to offset the heavier batteries or cell stacks of future designs. Steady progress is reported in the use of hydrogen, used either as a replacement fuel in conventional engines or within fuel cells, together with the different types of ‘electromobility’ referred to above.

Events in the last decade have underlined the critical status of oil supplies. The strategic importance of oil has been highlighted by recent events in the Middle East, while in the Gulf of Mexico hurricane damage to significant oil installations and has further heightened our awareness of oil dependence. Some reports suggest that existing reserves of oil could run out in 10 years, although 40 years is generally thought to be more realistic. Other events have emphasized the danger to the environment by mismanagement of these oil resources.

The interest in alternative fuels is, therefore, intense. Hybrid electric vehicles (HEV) now have plug-in derivatives (PHEV); battery electric vehicles (BEV) have been developed as city cars, while small internal combustion engines (ICE) supplement electrical systems in extended range vehicles (EREV). Fuel cell systems (FCEV) are now undergoing extended fleet trials. Serious programs are working on the provision of a universal infrastructure for the supply of hydrogen and plug-in fast-recharging stations for next generation electric vehicles. The effects of these systems and the differences in material requirements and architecture compared with ICE-propelled vehicles are considered. The current range of steels will continue to be used in the medium term, as safety issues are addressed with increasingly sophisticated front, side and rear end designs, together with aluminum and magnesium to maximize weight reduction. The development of plastics and composites in body design is further prompted by their good performance in pedestrian impact situations, and this is driving the search for effective recycling solutions for these materials.

The basic format and content of the book still stands as before, as does the sequence of the chapters, which offers the most logical form of presentation. It is inevitable that during the course of this book’s preparation some examples will have become outmoded due to constant model changes. This is likely to be evident to some extent in Chapter 2 on design. However, the design principles and design logic referred to remain unchanged. Publications have recently emerged on the subject of lightweight automotive design, but these have tended to concentrate on the more esoteric materials that, as yet, have only limited application, chiefly in prestige, emerging EV and performance vehicles. While it is important to understand these technologies for the future, the emphasis within the industry is on restoring the economic ‘health’ of the major car companies by making steady improvements in the efficiency of existing volume production processes. This means that there is a focus on known and proven specifications as well as the application of newer lightweight variants. This book reflects this trend within the industry. Therefore, it explores the realistic options for materials choices in relation to meeting future challenges, with special emphasis on manufacturing issues in volume production.

The overwhelming choice for the majority of volume car designs is still steel for reasons of cost, safety, mass manufacturability and universal repair. However, the structure is becoming more and more hybridized with regard to materials, to meet emissions and safety regulations, and in the case of electric vehicles to offset weight and increase range. The logic behind the choice of body materials over recent years provides a fascinating story when considered in the context of overall vehicle development. In the 1970s, corrosion resistance was the main factor influencing the choice of body material. This gradually changed to weight reduction with the introduction of CAFE fuel economy requirements in the 1980s. Body weight has been reduced through the development and implementation of high-strength steels, which have offered down-gauging possibilities and greater energy absorption, and to a lesser extent through the use of aluminum. These materials in various forms have been increasingly utilized to satisfy safety standards in the form of new car assessment program (NCAP) requirements. As CO2 emissions have gradually dropped for ICE power units and the development of electromobility moves these towards zero, the emphasis within the overall architecture is changing from mainly upper body design, where significant weight savings and safety improvements have been achieved, to now include lower structural design, to offset the considerable extra weight of battery and cell stack power units and added impact resistance to protect the critical electrics fore and aft. These influences are explored in Chapter 9, which now also includes the effects of geography and vehicle population (‘vehicle demographics’) on the selection criteria and availability of an increasingly sophisticated range of materials.




1.2 Overview of content

The purpose of this book is to present an easily understood review of the technology surrounding the choice and application of the main materials used for the construction of the automotive body structure. Although there are many reference works in the form of books or conference proceedings on specific design aspects and associated materials, these tend to focus on individual materials, test methods or numerical simulations. Few have attempted to appraise all the realistic candidate materials with regard to design, manufacture, suitability for component production, corrosion resistance and environmental attributes against relevant selection criteria, within a single volume. The problem with such a comprehensive text is that there is a limit on the data it is possible to provide on each subject. It is hoped that the content is presented in sufficient depth to enable an understanding of the relevance of each topic, without overpowering the non-specialist with too much detail.




1.3 Materials overview

Before considering BIW material aspects in detail it is useful to introduce the significance of the body structure in terms of the overall vehicle make-up of the average mass produced car (see Figure 1.1). Flat strip products comprise a major part of the vehicle structure, and using steel as an example its application is shown in Figure 1.2, the body comprising the largest segment.
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FIGURE 1.1 Contribution of body-in-white to overall vehicle weight
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FIGURE 1.2 Sheet steel content/form within the overall vehicle construction of a typical family car

The bodywork conveys the essential identity and aesthetic appeal of the vehicle, ranging from the styling panache of Aston Martin or Ferrari to the drab functionality of utility vehicles such as the Trabant. However, the actual material from which a vehicle body is fabricated has, until recently, attracted relatively little interest. Nevertheless, of all the components comprising the vehicle, the skin and underlying structural framework provide some of the most interesting advances in materials and associated process technology. This is reflected in the many changes that have taken place in the body materials used for automotive body structures over 100 years of production. The initial change was the replacement of the largely handcrafted bodies constructed of sheet metal, fabric and timber with sheet steel during the 1920s. Low-carbon mild steel strip was favored by the Budd Company and Ford in the USA, due to the faster production rates attainable by press forming of panels from flat blanks and subsequent assembly using resistance welding techniques. This trend to mass production quickly established itself in Europe and elsewhere, through offshoots of these companies, such as the Pressed Steel Company at Oxford and the Ford Dagenham plant. Steel has remained the predominant material ever since.1 Therefore, it is appropriate for an introductory text on this subject that the initial emphasis should be on steel and its variants, and the technology associated with its use. Aluminum has long been recognized as a lightweight alternative, although cost has made it second choice for the body architecture of models to be produced in greater numbers. However, as criteria such as emissions control now become increasingly prominent, its potential for energy efficient mass production vehicles in the future has been acknowledged, and has already been demonstrated by models such as the Audi A2, now available in Europe. The growing interest in this material is also reflected in the wide coverage given in the following chapters. The same applies to other materials, such as magnesium, where wider application is now being considered. Although plastics also offer a lighter weight alternative to steel and provide greater freedom of exterior styling, their use currently conflicts with environmental objectives and imposed recycling targets – a large proportion of plastics still end up on landfill sites.

The materials selection procedure adopted by most major ‘environmentally friendly’ manufacturers recognizes an increasing range of requirements. It has been further extended to include ‘process chain’ compatibility, i.e. ease of application within the manufacturing cycle, and the need to consider the total life cycle of materials used (with respect to cost, energy and disposal, etc.). The opening section of Chapter 3 covers this area, providing a table that summarizes the realistic materials choices viewed against engineering and the other key criteria already mentioned.

Steel has demonstrated all-round versatility over many years and its cost has remained reasonable. The life of pressed components has been extended through the use of zinc-coating technology, and the range of strength levels has increased to meet increasingly stringent engineering needs. Importantly, it is very adaptable with regard to corrective rework, an advantage that is often overlooked. This may be required on-line, to rectify production defects, which can sometimes occur even with the best of manufacturing systems, or for repair purposes following accidental damage in service. However, experience has shown that steel is highly tolerant to reshaping and a large infrastructure of skills and materials exist to restore the structure to meet the original engineering specification. The importance of ease and cost of repair has become increasingly apparent with the emergence of newer grades of high-strength steel, aluminum and other materials. These newer materials require precise retreatments and involve more sophisticated equipment to ensure that original standards are achieved. This can also have a bearing on the insurance category derived for specific vehicles.

A few introductory facts might help at this stage. Unless otherwise stated, the main discussion centers on the sheet material, although the importance of tubular construction and other material forms will become evident in later sections. Approximately half a ton of steel strip is required to produce a body of unitary construction (precise weight dependent on grade and model design specification) and between 40% and 45% of this is discarded in the form of press-shop scrap. This scrap comprises areas of the blank that cannot be utilized, due to mismatch of shape with strip dimensions, etc. and the results of non-productive press strokes. Currently, 1 ton of prime steel costs around £360, with some variation according to the specification ordered, and although most of the scrap is recyclable, the value of baled offal is only about one-eighth of the original price. According to Ludke2 the expenditure on body materials accounts for approximately 50% of the BIW costs.

Steel thickness as indicated by external panels has shown an overall reduction over the years from 0.9 mm in the 1930s to the current norm of 0.75 mm. The reason for this is mainly the pressure to reduce cost through increased yield for successive models. More recently, the emergence of dent-resistant grades has enabled the use of thinner gauges with less cosmetic damage in service. Similar trends have been noted for internal parts where stiffness (a basic design parameter) is not compromised. From a manufacturing standpoint, however, the key requirement has remained for weldable grades that can be formed with the least possible expense.3

Historically, steels were categorized into flat, deep drawing or extra deep drawing qualities, were either rimmed or killed (stabilized), made by the ingot cast production rate, and, apart from rare instances, up until the 1960s showed a yield strength of 140 MPa. As explained later, the ingot-casting route has now been displaced by the more consistent and economic continuous casting process. Although strength did not vary greatly, many improvements were being made to the drawing properties, surface technology and consistency of the products. It is important to briefly recap the historical detail regarding the development of these properties and the interrelationship with processes during the course of the book.

It was during the 1980s that more significant advances began to emerge, beginning with the increasing use of zinc-coated steels. While volume production was the priority in the 1960s, it is probably fair to say that bodies produced during this period were vulnerable to corrosion. This was the result of economics dictating thinner gauges (achieving a higher yield in blanks per ton) and the demand for higher volume production, which often called for shorter cycle times in the paint process and the consequent risk of incomplete coverage. It was not until the 1970s that the more efficient cathodic electropriming painting systems were developed and galvanized steel was gradually introduced. It is interesting to note that hints were being dropped in the corrosion repair manuals of the day4 that poor longevity was partly attributable to built-in obsolescence and that the use of zinc-coated steels would provide an answer. While it was possible to see galvanized panels as the simple solution, in reality it was not so straightforward. It took steady development between 1960 and 1980, jointly between steel suppliers and car manufacturers, to ensure that a consistent product could be adapted to the demands of automation in BIW assembly while achieving the ever increasing standards of paint finish required by the consumer. Enormous strides have been made in the protection of the car body over the last 30 years and this is reflected in the design targets of most manufacturers. Most warranties have advanced to 12 years (in some instances 30 years) of freedom from perforation.

In considering longevity it is necessary to draw the distinction between the materials and engineering senses of ‘durability’. It will be apparent that the focus here is on corrosion mechanisms and modes of protection rather than physical and mechanical endurance aspects of vehicle life, which are outside the scope of this work. At the outset it is emphasized that this volume is not meant to offer any instruction for repair of corroded materials covered. However, it will be obvious that the materials utilized for body structures are increasingly specialized; thus, it is essential for the preservation of optimum strength levels and corrosion resistance that repair techniques are constantly updated and recommended procedures amended to maintain engineering properties and vehicle life. The need to heed manufacturers’ recommendations is paramount if safety standards are to be maintained.

Another strong influence that emerged during the 1970s and 80s was that of increased safety standards with regard to occupant and pedestrian protection. In this book the relevant background and pertinent design aspects are discussed, although the text focuses on the improvements achieved through the utilization of materials and synergies achieved. Coincidentally, the first legislation requiring improved fuel consumption was being called for in the USA, partly as a result of the 1973 world oil crisis and also to pacify a growing anti-pollution lobby. This resulted in the Corporate Average Fuel Economy (CAFE) regulations that specified average fleet targets (e.g. 27.5 mpg for 1985), which all motor organizations trading in the USA had to meet. The response of vehicle manufacturers included the use of thinner gauge steel to lighten structures, initially utilizing high-strength low-alloy steels and then rephosphorized grades. For the bodyshell these were used for applications such as longitudinal members and B posts, where use could be made of the increased energy absorption. It was also found that door panel thickness could be reduced by using bake-hardening steels, which are strengthened in the paint ovens by strain-ageing and enable down-gauging on the basis of higher dent resistance. The increased utilization of these steels through various generations of vehicles is shown in Figure 1.3. The most evident recent trends are the increased proportion of dual-phase (DP) steels (over 30%) plus the rise in the use of press-hardened or ultra-high strength steels (UHSSs), averaging 8%. Details of these grades are given in Chapter 3 and grade analyses can be found in Chapter 9.
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FIGURE 1.3 Increasing utilization of high-strength steel grades

Environmental concerns were emerging through the 1980s and 1990s relating to issues such as emissions control. However, efforts by carmakers intensified as governmental pressures appeared, requiring progressively lower levels of CO2 output (in terms of grams per kilometer) and giving tax incentives for lower rated cars. With this came a greater need for weight reduction, prompting the development of even lighter structures; it has strengthened the case for aluminum and plastics. However, further environmental pressures, legislation and governmental targets require improvements in the amount of automotive material recycled within a specific timeframe, and this makes the use of polymers problematic at present. At the end of life, upwards of 75% of a vehicle is currently reprocessed – the remaining ‘fluff’ is essentially non-metallic and comprises a high polymeric content. The background and the tasks that lie ahead for the material specialists concerning the identification of material types for disassembly, rationalization of plastics and reuse of materials are outlined later, together with progress achieved worldwide and possible future solutions. Practices already adopted by the more progressive motor manufacturers are also highlighted.

Aluminum has always been considered as an alternative material to steel and there are instances of it being used for models in the early 1900s and for volume production in the 1950s. However, until recently the economics – both initial material and processing costs – have discouraged its widespread adoption. It has generally been considered6 that after allowances for density, equivalent section, modified processing, etc. the cost of an aluminum assembly was double that of steel, although the weight could be halved. This has been broadly proven: vehicle body structures have demonstrated that, compared with the 25% weight reduction achievable with steel, nearer 50% can be obtained with aluminum. In some designs significant changes have been made to spaceframe architecture, incorporating castings and extrusions as well as sheet. This has given significant improvements in strength, assembly and ease of repair and, as in the case of the Audi A2, a spaceframe that could be easily mass produced. The trend in skin panel thickness in aluminum has also changed with 1.0 mm being the current norm, as opposed to 1.4–1.6 mm used previously (although mainly for luxury cars). Alloy types have changed over the last 40 years from the wrought Al–Mg alloys of the 5xxx series (susceptible to ‘stretcher-strain’ markings) to the heat-treatable 6xxx Al–MgSi.

Polymeric materials have massive advantages in terms of the panel complexity that can be achieved in one operation and also the ease of incorporation of many parts in one assembly, such as complete front ends. They are also claimed to be ‘user friendly’ in terms of low-speed impact damage, e.g. gatepost scuffing and pedestrian contact. However, incorporating the large numbers of different blends that can exist and accommodating these within the manufacturing ‘process chain’, i.e. manufacturing sequence, where fixing and temperature incompatibilities can exist, remains a problem. Polycarbonate, Noryl GTX and carbon fiber composites are all examples of the range of materials in use today. Even this range illustrates the need for rationalization of different types that must be made if recycling and reuse are to be made more universal.

Magnesium is also finding limited application within the structure. Although it has been an option for items such as gearbox covers in the past, corrosion and ease of forming have constrained the scope of application. With improved alloys, proven in the aerospace industry, the time has come for reappraisal. At least one major company has followed Fiat in adopting magnesium for the fascia crossbeam, while the latest Jaguar XJ model has a one-piece die cast front-end carrier.

The importance of the ‘process chain’ in the selection of materials cannot be overemphasized. The physical and mechanical properties of a material are of basic engineering importance but unless the material can be accommodated comfortably within the operating parameters governing the sequence of manufacturing processes it will have adverse effects on both productivity and facility costs. As stated above, the scope of the normal selection criteria must now be widened to include environmental factors, which are becoming increasingly evident/restrictive, together with unit material cost. Therefore, before the detailed discussion of each of the main materials in Chapter 3, a table is provided summarizing the wider considerations to be taken into account regarding the choice of materials beyond just the inherent properties. Taking into account factors such as suitability for various aspects of manufacture and likely environmental implications, the effects of various choices on facility investment or meeting emissions or disposal regulations can be weighed more comprehensively. The ratings used are not definitive and must depend on the constructors’ circumstances and information available at the appropriate time. However, this table does illustrate the wider approach now necessary in the selection rationale. A tabular guide as to likely future trends in materials approaches under more defined conditions of volume and implementation time (‘normal’ or ‘accelerated’) is given in Chapter 9, based on types of technology already in production or for which production feasibility has been proven.




1.4 General format of presentation

The layout of the book follows a logical sequence, beginning with a consideration of the design configuration and how this has evolved through many distinct phases. This includes demonstrating how best use has been made of the material characteristics and format selected, and the synergies derived. This brief historic presentation shows how various configurations have evolved from separate chassis and body to the latest spaceframe. Key ‘milestones’ in body design are identified and there is a description of how one major manufacturer has exploited material properties through three generations of similar models.

The characteristics of the materials, i.e. the ‘building blocks’ used in the design, are next introduced in detail together with their manufacturing history, so that their capability and limitations can be recognized in terms of fitting engineering, product and process profiles. As well as the widening choice of high-strength and zinc-coated steels, fundamental changes have meant that steels and other strip materials can now be utilized for localized strengthening and parts consolidation. Tailor welded blanks offer the design engineer localized strengthening through the use of differential strength/thickness/coating combinations and allow specific engineering requirements to be used exactly where needed. The same applies to hydroformed sections and, although the associated joining issues are more complex, formed tubular sections may be used to achieve significant parts rationalization. Again, this represents a step change in material utilization and examples are given of this type of technology being applied to existing models.

Figure 1.4 shows the extent to which these various forms of steel could be utilized, as demonstrated by the ULSAB program sponsored by a group of 35 worldwide steel producers. Techniques such as laser welding have also seen recent application, allowing stiffening of sections during assembly, enhancing the properties and even allowing localized heat treatment. It has proved to be an important design tool for engineering more rigidity into roof/cantrail sections, for example; this is included in Chapter 6. With the advent of YAG transmission of the laser beam via fiber optics, the flexibility and maneuverability for assembly operations has vastly improved and can be applied with the aid of robotic manipulation. The 2004 VW Polo featured 70 m of continuous seam welding/brazing of steel joints. Similarly the BMW 5 and 6 Series models showed extensive laser welding of aluminum bulkhead/crossmember joints, laser brazing and welding of roof to sidemember (on the 6 Series).
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FIGURE 1.4 Utilization of different material forms within future body structures

(Courtesy of ULSAB Consortium)

Ease of component manufacture and of accommodating new materials within the ‘process chain’ is of vital importance in assessing the effects on existing facilities and identifying of future requirements. This is covered in detail in Chapters 5 and 6.

To demonstrate how innovative ideas are evaluated and proven for new designs it was also felt that several broader initiatives and development programs should be highlighted. These have not been necessarily adopted for production cars, but have provided valuable feedback to niche and volume car designers. This information is presented in Chapter 4 under the title of ‘The role of demonstration, concept and competition cars’. This includes wide-ranging steel and aluminum industry projects such as: the SuperLightCar, a European program; the FreedomCAR and FSV projects, from the USA; and reference is made to futuristic visualizations such as the ‘Hypercar’. No apologies are made for reiterating the detail of past projects such as ECV3; although the program is now over 30 years old, it provides the focus for a number of technologies that have since been adopted in production cars. The use of concept cars in judging public acceptance of new ideas is discussed, with several innovations highlighted, and a fascinating insight is provided into materials used for Williams Formula 1 racing cars.

Corrosion resistance is obviously of extreme importance in the design of the body structure, and is considered a key issue of consumer concern. Within the industry it is also an area of extreme competitor awareness and, therefore, it has been accorded a separate chapter. In Chapter 7 all aspects are explored, including preferred panel design principles, processing, vehicle assessment and simulated test methods.

A separate chapter has been devoted to materials and their influence on improved vehicle safety and environmental issues, including emissions, recycling and ELV disposal. These subjects have been considered together because of their focus on the wellbeing of the individual. Entitled ‘Environmental considerations’, Chapter 8 highlights the positive attitude adopted by the manufacturers in these areas of human concern.

The scope of Chapter 9 on ‘Future trends in automotive body materials’ has been widened to include a short survey of ‘vehicle demographics’. This is because geographical factors can influence material choice. The considerable contribution made by the Japanese carmakers to panel making technology worldwide during the last 30 years is also described. A brief insight is given into the quantitative breakdown of the body structure, which may be of use for the calculation of part weight and corresponding costs. Finally the future is discussed and material options for body designs proposed under various timeframes and circumstances. As well as influences such as emissions control, fuel economy and safety, an increasingly important issue appears to be the type of fuel system to be adopted. In turn, this strongly influences the weight requirements of the supporting structure. Alternatives to the ICE are on the horizon in the guises outlined above. If these are thrust on us sooner rather than later – as urged at the 2010 Cancun Conference – there could be a need for radical changes quickly, as ultra-lightweight structures are suddenly required to support heavier electric/fuel cell modes of propulsion and increase the range between charging intervals.

As stated in the first edition, despite fuel consumption being a main concern since the 1970s, when legislation in the USA dictated that minimum corporate mpg levels must be achieved by companies distributing vehicles in that country, and more globally thereafter as pressure mounted for emissions control, very little sign of commitment on behalf of the consumer is evident over these 30 years. ‘Gas guzzlers’ still abound in 2010 and the popularity of 4 x 4 vehicles appears to be growing. Companies are making real efforts to meet legislative controls by producing cars with CO2 emissions below 100 g/km. However, is there a commitment from the public to drive such vehicles without stronger controls being imposed? Major government incentives are being introduced to encourage the acceptance of electric-powered cars. But, again, will these be popular at £10,000 above the cost of the average family sedan, together with the need to adapt to a new driving experience and refueling/recharging infrastructure?

Despite the significant progress being made in materials technology and utilization to accommodate lower emissions and heavier EV power units, change might still be gradual, allowing the time for acceptance of alternative powertrain systems in a more efficient form. Progress will be evident in city car and premium car sectors, but changes in volume manufacture will be protracted. In the intervening period it is also possible that solutions will be found to outstanding recycling, plastics rationalization and processing issues. Hybridized structures and associated manufacturing processes will continue to prevail in the short and medium term. Eventually the lessons learnt from small/prestige designs will be introduced when battery/cell stack costs and infrastructure problems are resolved. To examine this situation more logically a tabular presentation is included, which proposes possible material combinations that could emerge with differing circumstances – ‘anticipated’ and shorter term ‘accelerated’ situations, within volume and niche car sectors. If super-efficient/cost-effective battery system/cell-stack technology emerges relatively quickly, will weight reduction still be such a priority as emissions and range become less urgent? In this situation, it may be that emphasis on safe, cheaper, traditional designs prevail. These are not meant to be definitive conclusions. The combinations suggested are debatable, but the reasoning is presented for each of the choices. The real purpose of this section is to stimulate balanced discussion on the various options – although this may prompt other equally relevant proposals! So often the views presented at seminars and industry forums reflect vested interests or loyalties of the contributors and there is little time for reasoned debate. In Chapter 9 the attempt is made to weigh the pros and cons more objectively, allowing the reader to reflect on some realistic choices on which to base his/her vision for the future. To illustrate the choices reference is often made to tangible applications evident in current or more innovative production models.




1.5 Introduction to body architecture and terminology

An introduction to the structural elements considered by this publication is given below. In simple terms this covers the ‘body-in-white’, a traditional name for the body structure, which is depicted in its component form in Figure 1.5.

[image: image]

FIGURE 1.5 Components of subassemblies comprising the body-in-white





Closures

Refers to all those panels or subassemblies that are attached mechanically to the main substructure by hinges or other means, hence the synonym ‘bolt-on’ panels.




Fenders

Wing panels.




Trunk

Boot lid.




Rocker panels

Sill sections.




Deck

Bonnet lid.




Wheel-house

Wheel-arch inner.




Hemmed/clinched joint

Tight bend over similar thickness around doors or other closures.




OEM

Original equipment manufacturer.

Other abbreviations, acronyms and technical references referred to in the text are presented in Table 1.1. Some familiarity with basic materials technology is assumed but for those readers requiring an introduction to subjects such as dislocation theory (referred to in Chapter 2) or broader coverage of mechanical properties (Chapter 5) reference is made to Materials for Engineering, by Boston6, an easily digested text, covering both metallic and nonmetallic materials.

Table 1.1. Common Abbreviations and Acronyms Used in the Text



	Technology
	Terminology
	Abbreviation



	Steel condition
	Annealed last
	AL

	Skin passed or temper rolled
	SP or TR

	Continuously cast
	Concast

	Sheet surface finish
	Shot blasted
	SB

	Electron beam textured
	EBT

	Electro discharge textured
	EDT

	Laser textured
	Lasertex

	Mill finish (aluminum)
	MF

	External surface standard, suitable for paint finish
	Full finish or FF
Class ‘A’ (plastics)

	Stretcher-strain free
	SSF (aluminum)

	Common steel grades
	High-strength steel
	HSS

	Ultra high-strength steel
	UHSS

	Dual-phase
	DP

	Bake hardening
	BH

	Transformation induced multi-phase steels
	TRIP

	Interstitial free
	IF

	Boron or press-hardened
	PHS

	Coated steel types
	Electrogalvanized
	EZ or EG

	Hot-dip galvanized
	HDG

	Iron–zinc alloy coated or
	IZ

	Galvanneal
	

	Duplex galvanized, e.g. primer coated electrogalvanized steel
	Bonazinc or Durasteel

	Polymer abbreviations
	Polyethylene
	Polythene

	Acrylonitrile-butadiene-styrene terpolymer
	ABS

	Phenol formaldehyde
	Bakelite

	Polyvinyl chloride
	PVC

	Polyamides
	Nylon

	SP resin infusion technology
	SPRINT

	Mechanical properties
	Yield stress
	YS

	Ultimate tensile stress
	UTS

	Elongation
	% El or elongn.

	Drawability index
	‘r’ value

	Work-hardening index
	‘n’ value

	Major materials and related development programs
	Energy Conservation Vehicle
	ECV

	Aluminum Structured Vehicle Technology
	ASVT

	Audi Space Frame
	ASF

	UtraLight Steel Auto Body
	ULSAB

	Multi material European program
	SuperLIGHT CAR

	Multi material DOE program, USA
	FreedomCAR

	Recycling initiatives/terminology
	Automotive COnsortium on Recycling and Disposal
	ACORD

	End of life (of) vehicles
	ELV

	Authorized treatment facilities
	ATF

	Certificate of destruction
	CoD

	Auto shredder residue or ‘fluff’
	ASR

	Type of propulsion
	Internal combustion engine
	ICE

	Electric vehicle
	EV

	Battery electric vehicle
	BEV

	Extended range electric vehicle
	EREV

	Hybrid electric vehicle
	HEV

	Plug-in hybrid electric vehicle
	PHEV

	Fuel cell electric vehicle
	FCEV
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Objective

To review the historical development of the automotive body structure before considering how materials have helped to realize engineering and associated objectives (manufacturing objectives are considered in Chapter 5). Specific examples are selected to illustrate the changes that have taken place in the selection of steel grades, the emergence of aluminum and the increasing trend towords hybrid material combinations.




Content

The evolution of various design concepts and materials utilization is briefly outlined, and specific examples are given where relevant changes have been made; the criteria typically used in optimizing design using FEM are defined; the utilization of coated and high-strength steel grades are introduced; alternative body architecture is considered; use of aluminum and other lightweight materials are covered, together with the use of hybrid structures.




2.1 Introduction

The main emphasis of this chapter is the selection and use of materials for the automotive body structure, and how, over a timescale of at least one hundred years, engineers have utilized relevant properties to satisfy their selection criteria. Significant developments in the design architecture are also covered. Early materials selection was fairly limited and chiefly dictated by cost as the demands of mass production grew. Later, availability became an issue, as two world wars had a draining effect on resources. However, perhaps the period of greatest interest is the last 30 years. During this time engineers have had to respond to a variety of outside influences (see Chapter 8), including legislation on safety, emissions control and recycling.

Another emerging influence is electromobility. This also has an impact on structure, as the drive trains and battery/fuel stacks add considerably to vehicle weight. Although the emissions issues will diminish, the primary focus will be to increase the range of these vehicles before refueling/recharging is required. Although it will take some time for alternative fuels to become the norm, increasingly interest is being shown by key automotive manufacturers, and the views of BMW are discussed in Chapter 2.

The expanding number of materials emerging to meet the need for lightweight structures has resulted in some conflict in terms of objectives. While it has allowed for weight reduction and use of lower density materials, the increased variety and particularly the use of some plastics has caused additional headaches for the dismantling industry, as is discussed in Chapter 8.

After reviewing the milestones in autobody design over the last hundred years, the key considerations of the modern designer is introduced with an example (from BMW) of how this is influenced by material choice. Examples are then given of alternative approaches to design using lightweight alternatives to steel, the traditional choice. Reference is made to broader initiatives such as the major aluminum programs – Experimental Composite Vehicle (ECV), Aluminum Structured Vehicle Technology (ASVT) – and steel – UltraLight Steel Auto Body (ULSAB) – which have demonstrated the feasibility of the newer technology. Together with relevant concept and competition car developments, these are of sufficient importance to warrant a separate chapter (see Chapter 4). The spin-offs from these background ‘enabling’ projects have been adopted in many parallel model programs in recent years and this is evident in some of the examples given in this chapter. The same applies to many international initiatives (e.g. BRITE Light Weight Vehicle Program BE – 5652).1 In addition, supplier/user projects have provided increased confidence in longer-range concerns and although the immediate pay-off from these programs is not always apparent it is critically important that funding for these general ‘feeder’ activities continues.




2.2 Historical perspective and evolving materials technology

The progress made in the development of engineering structures over the last century has been dealt with expertly elsewhere.2 With regard to recent model programs, the significant use and benefits of finite element method (FEM) techniques (see section 2.4) in shortening delivery times is emphatic. However, as these become more complex there is a greater need for input detail such as material properties. As well as physical properties, the need also exists for empirical data regarding material behavior in diverse engineering situations, and it is important that past designs and associated materials performance are analyzed and ‘rules’ extracted, in numerical form, for future use. In general terms, the same developments have been evident on a worldwide scale, although size is a feature of American built vehicles. The needs of mass production technology, reaching global proportions, have perhaps influenced the Japanese design philosophy (robot access, automation, etc.). Therefore, although written from a UK perspective, with the foreign ‘transplant’ influences over the years, the following content probably mirrors the worldwide trends and requirements for body materials in the future.


2.2.1 Body zones and terminology

First it is necessary to clarify the terminology used to differentiate the various areas comprising the body. The body-in-white (BIW) (see Chapter 1) splits down into the main structure, ‘body-less-doors’, and the ‘bolt-on’ or skin assemblies. Each of these in turn break down into the inner panel, usually deep drawn to provide bulk shape and rigidity, plus the shallow skin panels, which provide the outer contour of the body shape and require more aesthetic properties such as smooth blemish-free surface and scuff or dent resistance. The key elements of the main structure are the floor and main cage containing ‘A’, ‘B/C’ and ‘D’ posts or corner pillars and roof/cantrail surround, plus closed sections such as cross members, and front and rear longitudinal sections, which provide essential impact resistance. The requirements of each zone are summarized in Table 2.1, together with recommendations for appropriate steels and possible alternatives. Figure 2.1 shows the state-of-the-art deployment of steels within the body structure of a typical family sedan.

Table 2.1. Requirements of Different Panels Comprising the BIW Structure
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FIGURE 2.1 Utilization of higher strength steels and tailor welded blanks




2.2.2 Distinction between body-on-chassis and unitary architecture

Prior to the 1930s, the body-on-chassis was the most popular vehicle configuration, the upper passenger-containing compartment being mounted on a stout chassis, which also carried the powertrain unit plus other essential suspension, braking and steering gear. The body and chassis arrangement provided some versatility for model change and facility flexibility within the limited confines of earlier factories. Bodywork such as that used for the Morris Oxford in the early 1920s featured a wood, fabric and metal construction, the main change being to an all-steel assembly in 1929 as the influence of the American Budd Company became obvious within Pressed Steel, who supplied the body. The first significant aluminum body, the Pierce Arrow, also made its appearance in the early 1920s. All-steel construction had found favour in the USA because it was more suited to mass production, chiefly due to the ease of pressed panel production allied to the advantages of joining by spot welding. From an engineering point of view it also significantly increased torsional stiffness.

A step change in design came with the integration of the chassis and body, claimed to have been introduced by Citroën in 1934 for its 11 CV model.2 The difference in construction of the integrated, or unitary, design compared with the chassis-mounted body is illustrated by comparison to the two modern-day vehicles shown in Figure 2.2.3
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FIGURE 2.2 Illustration of unitary and chassis body architecture3




2.2.3 Early materials and subsequent changes

Wood used in conjunction with fabric has been referred to already and formed the construction of the bodywork of many cars in the 1920s before its replacement by steel. At that point, steel for outer panels was of fairly thick gauge, between 0.9 and 1.00 mm, and much of that which was destined for the UK Midlands car plants was produced in the South Wales steelworks in ingot cast rimming or stabilized grades (see Chapter 3). The rimming steels could be supplied in the ‘annealed last’ condition for deeper drawn internal parts, but for surface critical panels a final skin pass was essential to optimize the paint finish. For complex and deeper drawn shapes the more expensive stabilized or aluminum-killed material was used, which conferred enhanced formability. Gradually a change took place due to weight and cost reduction studies: the average thickness of external panels reduced progressively to 0.8 mm in the 1950s/60s and to the current level of 0.7 mm in use today for the production of the body of unitary construction (shown above). Internal parts for structural members range from 0.7 to 2.0 mm, the scope for down-gauging over the years being limited by stiffness constraints. Therefore, although the thickness of strength-related parts, such as longitudinal members, can be reduced by utilizing high-strength grades on the basis of added impact resistance, as rigidity is a major design criterion and the elastic modulus of steels is constant throughout the strength range, opportunities for substituting lighter gauges pro rata are limited. This situation can, however, be improved by use of adhesives or peripheral laser welded joints, and examples of the use of these techniques are given later in this chapter and in Chapters 4 and 6.

Although not introduced until 1948, the Land Rover provides a good example of a modern vehicle with chassis of two standard lengths, serving a myriad of agricultural and military purposes (see Figure 2.3). Although answering the rugged off-road requirements of the 4 x 4 vehicle, virtually any type of body shape could be tailor-made and constructed without the need for a dedicated higher volume facility. When steel was difficult to obtain in sheet or coil form in 1948, the underbody frames were produced by welding together strips of steel cast-off remnants and aluminum was used for many body panels.
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FIGURE 2.3 Selection of Land Rover vehicles and body types

Together with the BMW 328 Roadster (1936–40) and the Dyna Panhard (1954), Rover and Land Rover were among the first users of aluminum in Europe, the ubiquitous Defender models using the 3xxx series alloys for flatter panels with Al-Mg 5xxx series being used in other applications; a wealth of experience was gained in pressing, assembly and paint pretreatment and finishing. Although the chassis was cumbersome, it was, and still is, ideal for mounting the extensive range of Land Rover Defender body variants. Up to this day, the hot rolled grades of steel have been used (typically HR4). However, it is easy to see why efforts are being made to downscale these relatively massive ladder frames, with consideration being given to using newer material in thinner gauges, e.g. high-strength steels up to 300 N/mm2 (TRIP steels up to 590 N/mm2 were used for 80 chassis parts on the Mitsubishi Paquera). Design modifications must be made to accommodate the thinner gauges and consideration has already been given to alternative material forms such as hydroformed sections (described later), as referenced by the ULSAB process, which could be used to bolster stiffness and crashworthiness. Although more suited to more conventional car body design, the incorporation of tailored blanks would again offer an alternative approach, giving the engineer strengthening exactly where required and a further opportunity for parts consolidation/reduced weight. This enduring type of rugged and versatile design has persisted because it answers the diverse needs of military purchasers. Nevertheless, it is not surprising that, as fleet average economy targets are considered more critically, the monocoque is now being considered for the more volume-oriented 4 x 4 vehicles, as featured by the Land Rover Freelander. Here durability was satisfied in the original version by the use of hot-dip or iron–zinc alloy coating as steel substrates replaced the use of expensive aluminum for outer panels (see Chapter 7) and the model featured another material innovation in the selection of polymer front wings (see Figure 2.4).
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FIGURE 2.4 Land Rover Freelander with monocoque body

(Reprinted with permission from SAE paper 1999-01-3181 Copyright 1999 Society of Automotive Engineers Inc.)

Before leaving body-on chassis design it should be mentioned that other types of chassis include the steel-backbone type used by Lotus and the designs featuring triangular sectional arrays (see Figure 2.5). These were steel square or tubular sections. Later Lotus adopted another chassis configuration termed the ‘punt’ (Figure 2.5), which has also been termed a spaceframe concept. As this is more of a transitionary structure this will be described in greater detail later on, together with similar aluminum internally structured bodies.
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FIGURE 2.5 Selection of alternative chassis designs2

It has been debated as to what exactly constitutes a chassis-less design, as various forms can incorporate some features of the original underframe, e.g. subframes and longitudinal/sidemember sections. Some claim that the ideal form of chassis-less construction emerged in the 1940s with the launching of the Austin A304 (see Figure 2.6). They would argue that using aircraft design principles Austin were able to incorporate all the essential load-bearing requirements into a relatively lightweight body without even building in partial box sections that were featured in ‘integral’ or ‘unitary’ designs, with elements of the chassis incorporated in the underbody. However, even with such box sections and subframes, the easily spot welded and finished bodies provided a significant advance in body-weight reduction while meeting most engineering and manufacturing criteria.

[image: image]

FIGURE 2.6 Base structure of the Austin A30

The unitary design (referred to as monocoque in the industry, although some say this term should be reserved for competition type bodies of tube configuration) is by far the most popular type of body. Using the powerful FEM analytical programs that exist today (see Section 2.3) the design can be optimized to maximize the use of properties and thereby reduce the number of prototypes, rework and development time. The more numerical data that can be gathered at this stage related to materials behavior the more efficient modeling will be. This applies to other simulation processes besides those predicting dynamic and static behavior such as impact and torsional stiffness (demonstrated later). Forming is the obvious example, but the complexity of accurately predicting thin shell behavior during pressing brings in other variables as well as mechanical properties, including friction, lubrication and topography.






2.3 Finite element analysis

For those readers requiring a basic understanding of FEA, now a standard feature of computer aided design (CAD) procedures used by body designers, the following is an extract from Lightweight Electric/Hybrid Design by Hodkinson and Fenton.5


2.3.1 Materials for Autobodies

This computerized structural analysis technique has become the key link between structural design and computer-aided drafting. However, because the small size of the elements usually prevents an overall view, and the automation of the analysis tend to mask the significance of the major structural scantlings, there is a temptation to by-pass the initial stages in structural design and perform the structural analysis on a structure which has been conceived purely as an envelope for the electromechanical systems, storage medium, passengers and cargo, rather than an optimized load-bearing structure. However, as well as fine-mesh analysis which gives an accurate stress and deflection prediction, course-mesh analysis can give a degree of structural feel useful in the later stages of conceptual design, as well as being a vital tool at the immediate pre-production stage.

One of the longest standing and largest FEA software houses is PAFEC who have recommended a logical approach to the analysis of structures, Fig. 2.7. This is seen in the example of a constant-sectioned towing hook shown at (a). As the loading acts in the plane of the section the elements chosen can be plane. Choosing the optimum mesh density (size and distribution) of elements is a skill which is gradually learned with experience. Five meshes are chosen at (b) to show how different levels of accuracy can be obtained.
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FIGURE 2.7 Development of FEA: (a) towing hook as structural example; (b) various mesh densities; (c) FEA vs. elasticity theory; (d) node equations in matrix form; (e) types of symmetry; (f) element shapes; (g) varying mesh densities; (h) stress–strain curve representation

The next step is to calculate several values at various key points – using basic bending theory as a check. In this example nearly all the meshes give good displacement match with simple theory but the stress line-up is another story as shown at (c). The lesson is: where stresses vary rapidly in a region, more densely concentrated smaller elements are required; over-refinement could of course, strain computer resources.

Each element is connected to its neighbour at a number of discrete points, or nodes, rather than continuously joined along the boundaries. The method involves setting up relationships for nodal forces and displacements involving a finite number of simultaneous linear equations. Simplest plane elements are rectangles and triangles, and the relationships must ensure continuity of strain across the nodal boundaries. The view at (d) shows a force system for the nodes of a triangular element along with the dimensions for the nodes in the one plane. The figure shows how a matrix can be used to represent the coefficients of the terms of the simultaneous equations. Another matrix can be made up to represent the stiffness of all the elements [K] for use in the general equation of the so-called ‘displacement method’ of structural analysis:
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where [R] and [r] are matrices of external nodal forces and nodal displacements; the solution of this equation for the deflection of the overall structure involves the inversion of the stiffness matrix to obtain [K]–1. Computer manipulation is ideal for this sort of calculation.

As well as for loads and displacements, FEA techniques, of course, cover temperature fields and many other variables and the structure, or medium, is divided up into elements connected at their nodes between which the element characteristics are described by equations. The discretization of the structure into elements is made such that the distribution of the field variable is adequately approximated by the chosen element breakdown. Equations for each element are assembled in matrix form to describe the behaviour of the whole system. Computer programs are available for both the generation of the meshes and the solution of the matrix equations, such that use of the method is now much simpler than it was during its formative years.

Economies can be made in the discretization by taking advantage of any symmetry in the structure to restrict the analysis to only one-half or even one-quarter – depending on degree. As well as planar symmetry, that due to axial, cyclic and repetitive configuration, seen at (e), should be considered. The latter can occur in a bus body, for example, where the structure is composed of identical bays corresponding to the side windows and corresponding ring frame.

Element shapes are tabulated in (f) – straight-sided plane elements being preferred for the economy of analysis in thin-wall structures. Element behavior can be described in terms of ‘membrane’ (only in-plane loads represented), in bending only or as a combination entitled ‘plate/shell’. The stage of element selection is the time for exploiting an understanding of basic structural principles; parts of the structure should be examined to see whether they would typically behave as a truss frame, beam or in plate bending, for example. Avoid the temptation to over-model a particular example, however, because number and size of elements are inversely related, as accuracy increases with increased number of elements.

Different sized elements should be used in a model – with high mesh densities in regions where a rapid change in the field variable is expected. Different ways of varying mesh density are shown at (g), in the case of square elements. All nodes must be interconnected and therefore the fifth option shown would be incorrect because of the discontinuities.

As element distortion increases under load, so the likelihood of errors increases, depending on the change in magnitude of the field variable in a particular region. Elements should thus be as regular as possible – with triangular ones tending to equilateral and rectangular ones tending to square. Some FEA packages will perform distortion checks by measuring the skewness of the elements when distorted under load. In structural loading beyond the elastic limit of the constituent material an idealized stress/strain curve must be supplied to the FEA program – usually involving a multilinear representation, (h).

When the structural displacements become so large that the stiffness matrix is no longer representational then a ‘large-displacement’ analysis is required. Programs can include the option of defining ‘follower’ nodal loads whereby these are automatically reorientated during the analysis to maintain their relative position. The program can also recalculate the stiffness matrices of the elements after adjusting the nodal coordinates with the calculated displacements. Instability and dynamic behavior can also be simulated with the more complex programs.

The principal steps in the FEA process are: (i) idealization of the structure (discretization); (ii) evaluation of stiffness matrices for element groups; (iii) assembly of these matrices into a supermatrix; (iv) application of constraints and loads; (v) solving equations for nodal displacements; and (vi) finding member loading. For vehicle body design, programs are available which automate these steps, the input of the design engineer being, in programming, the analysis with respect to a new model introduction. The first stage is usually the obtaining of static and dynamic stiffness of the shell, followed by crash performance based on the first estimate of body member configurations. From then on it is normally a question of structural refinement and optimization based on load inputs generated in earlier model durability cycle testing. These will be conducted on relatively course mesh FEA models and allow section properties of pillars and rails to be optimized and panel thicknesses to be established.

In the next stage, projected torsional and bending stiffnesses are input as well as the dynamic frequencies in these modes. More sophisticated programs will generate new section and panel properties to meet these criteria. The inertias of mechanical running units, seating and trim can also be programmed in and the resulting model examined under special load cases such as pot-hole road obstacles. As structural data is refined and updated, a fine-mesh FEA simulation is prepared which takes in such detail as joint design and spot-weld configuration. With this model a so-called sensitivity analysis can be carried out to gauge the effect of each panel and rail on the overall behaviour of the structural shell.

Joint stiffness is a key factor in vehicle body analysis and modeling them normally involves modifying the local properties of the main beam elements of a structural shell. Because joints are line connections between panels, spot-welded together, they are difficult to represent by local FEA models. Combined FEA and EMA (experimental modal analysis) techniques have thus been proposed to ‘update’ shell models relating to joint configurations. Vibrating mode shapes in theory and practice can thus be compared. Measurement plots on physical models excited by vibrators are made to correspond with the node points of the FEA model and automatic techniques in the computer program can be used to update the key parameters for obtaining a convergency of mode shape and natural frequency.

An example car body FEA at Ford was described at one of the recent Boditek conferences, Fig. 2.8, outlining the steps in production of the FEA model at (a). An extension of the PDGS computer package used in body engineering by the company – called FAST (Finite-Element Analysis System) – can use the geometry of the design concept existing on the computer system for fixing of nodal points and definition of elements. It can check the occurrence of such errors as duplicated nodes or missing elements and even when element corners are numbered in the wrong order. The program also checks for misshapen elements and generally and substantially compresses the time to create the FEA model.
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FIGURE 2.8 FEA of Ford car: (a) steps in producing FEA model; (b) load inputs; (c) global model for body-in-white

The researchers considered that upwards of 20 000 nodes are required to predict the overall behavior of the body-in-white. After the first FEA was carried out, the deflections and stresses derived were fed back to PDGS-FAST for post-processing.

This allowed the mode of deformation to be viewed from any angle – with adjustable magnification of the deflections – and the facility to switch rapidly between stressed and unstressed states. This was useful in studying how best to reinforce part of a structure which deforms in a complex fashion. Average stress values for each element can also be displayed numerically or by graduated shades of color. Load inputs were as shown at (b) and the FE model for the BIW at (c).






2.4 One manufacturer’s approach to current design

It is now timely to consider the more contemporary approach to design and reference is made to the approach that BMW have adopted to using materials to optimize structural performance while at the same time satisfying prevailing safety, performance and environmental requirements. Their approach is illustrated by extracts taken from recent presentations by Bruno Ludke, BMW Body Design specialist, at international automotive conferences.


2.4.1 Product requirements

In terms of lightweight bodyshell functional design (see Figure 2.9) Ludke6 has identified four areas for critical consideration:


structural dynamics;

static stiffness;

crashworthiness;

weight optimization.
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FIGURE 2.9 Critical areas for body design, after Ludke6




2.4.2 Structural dynamics

Improvements in performance, including significant weight savings in the steel body achieved over recent model generations, are described in the following sections and these are attributed to the effective application of FEM analysis and the inter-relationship with material properties.

Structural dynamics is described as the achievement of the desired level of comfort in terms of noise, vibration and harshness (NVH), for which the yardstick is taken as behavior at idling speed – normally between 600–700 rpm.6 To ensure ‘vibration-free’ operation, the frequencies for the first bending and torsional natural modes of the complete vehicle must lie within a limited frequency range. The upper limit of this range is represented by the third engine order of the 6-cylinder engine and the lower limit by the second engine order of the 4-cylinder engines, thus constituting an ‘idle frequency window’. To attain the target frequencies of 26/29 Hz for the vehicle as a whole, the corresponding natural modes of the bodyshell must be twice as high and no local modes must occur below these frequencies, e.g. at the front or rear of the vehicle. The improvements achieved with the outstandingly popular 3, 5 and 7 Series BMW models are illustrated schematically in Figure 2.10. The success in this area is attributed primarily to the application of FEM analysis and experimental modal analysis technique applied at the early stages of bodyshell development.
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FIGURE 2.10 Progressive improvement in target frequency in successive generations of BMW vehicles




2.4.3 Design for static stiffness

Static design entails the optimization of torsional stiffness and strength under quasi-static loading conditions, and good static stiffness values are fundamental requirements for target dynamic characteristics previously described. The variation in torsional stiffness with vehicle curb weight (Kw) has been developed, and is shown in Figure 2.10 for BMW models, the target Ct value being 15 x Kw. To avoid excessive loading of the windscreen and stone chipping damage resulting from excessive surface stresses, the inherent stiffness without glass must reach 66% of the final stiffness. Specific design improvements were made in the latest models to key joints and structural members to increase torsional stiffness from 20,000 Nm/o to 28,500 Nm/o. Again the progression through successive BMW models is shown in Figure 2.11 with a doubling of previous values.
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FIGURE 2.11 Progressive improvement in torsional stiffness in successive BMW model generations6




2.4.4 Crashworthiness

All vehicle manufacturers are placing continued emphasis on occupant passive safety and here FEM simulation is of special importance, avoiding the need for expensive vehicle compliance tests during development. In the case of the more recent models referred to above, the stiffness and dynamic improvements form an excellent basis for crash optimization, and as requirements are aligned to 40-mph impacts the absorbed energy per structural unit (vehicle side) has risen by 80% in comparison with predecessors. The shift in design requirements over the last 25 years is illustrated in Figure 2.12 together with the configurations used for modeling 40-mph offset crash and side-impact simulations (see Figure 2.13).
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FIGURE 2.12 Increasingly stringent objectives for crashworthiness6
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FIGURE 2.13 Offset barrier (top) and side-impact (below) simulations6




2.4.5 Weight efficiency

Because of the knowledge that a 10% reduction in vehicle mass leads to fuel savings of up to 6–7%, the drive for lower weight vehicles has intensified over the last 20 years. In the 1970s and 1980s the initial preference swung towards aluminum as the industry attempted to confirm the fuel economy figures using the most radical materials solution available at the time. The ECV and ASV programs (see Section 4.2), together with the aluminum structured A8, A2, NSX and Z8 programs described elsewhere in this chapter, have helped confirm more efficient consumption figures. They have also underlined the substantial changes required to the supply and process chain manufacturing facilities together with increased peripheral costs, such as higher repair and consequently insurance costs. It is these factors that may account for the slow emergence of aluminum as a significant body material despite more positive forecasts and the fact that most major organizations have now gained the technological and design experience (with low volume derivatives) to enter full-scale production.

In the early 1990s it was also believed that a lot more potential for weight reduction still existed with steel, albeit in slightly different guises, and perhaps if mixed with lighter materials, such as aluminum or plastic skins, would allow most future objectives to be achieved. The more flexible facilities and experience developed over recent years could be adapted to accept newer high-strength materials and different configurations, such as tailor-welded blanks (TWBs) and hydroformed tube sections. It was with this knowledge that the steel industry’s response in the 1990s was a design study undertaken on behalf of 32 steel producers by Porsche Engineering Services (the ULSAB program, see Chapter 4). It is the steel route that BMW have pursued for most mass production models, although the Z8 (aluminum) and the Z9 (carbon composite) demonstrate their progressive policy in exploring newer materials.

The significance of bodyweight on fuel consumption, acceleration and emissions control has been outlined already, but to put these in perspective with other relevant factors some of these parameters are illustrated in Figure 2.14.
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FIGURE 2.14 Factors contributing to improved fuel economy6

Despite the improved functionality already described, the optimized unitary design of the bodyshell resulted in it making up a significantly reduced proportion of the curb weight as shown in Figure 2.15.
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FIGURE 2.15 Relationship of body-in-white weight to curbweight6

A factor ‘L’ has been used by BMW to summarize the weight reduction improvement effected by design, which relates to structural performance and vehicle size and is shown in Figure 2.16, together with the progressive achievement over the years. Although relatively empirical, it does provide a measure of design optimization.
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FIGURE 2.16 Design efficiency as defined by functional optimization and size, over three generations of vehicles6

More specific materials related data have been further presented by Ludke,7 who referred to the changes in high-strength steel (HSS) utilization that accompanied the functional improvements in the various BMW models referred to above.6,7 As shown in Figure 2.17, the proportion of high-strength steel was increased from 4.5% for the 3 Series model to 50%. This utilized the range of bake-hardening steels H180B to H300B, together with isotropic and IF HSS grades. The HSS grades are typical of strengths now being incorporated in current designs by European body engineers, who are using the full range of rephosphorized, IF HSS, high-strength low-alloy (HSLA) and bake-hardening grades included in Euronorm 10292. This covers hot-dip galvanized grades. Again this reflects the improvements and change in durability required by today’s structures. An uncoated parallel standard is in preparation.
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FIGURE 2.17 Increasing proportion of high-strength steel used in BMW body structures7

The principle parameters used in the analysis of the structural and panel components are shown in Figure 2.18. Similar analyses have been carried out on bolt-on assemblies, but totally different criteria apply (see Figure 2.19) as will become evident in the following section.
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FIGURE 2.18 Criteria used in the analysis of structural components by BMW6
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FIGURE 2.19 Criteria used in the analysis of panel parts by BMW
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FIGURE 2.20 Possible scenario of future high-strength steel usage7 as forecast in 2002

Evaluation of the individual requirements of each part is made at an early simulation stage. One method of enhancing stiffness is to use linear laser welding or to apply a structural adhesive to inner flange or seam surfaces. This is a key development for the future. It is generally recognized that a compatible pretreatment, such as one of those used in aircraft construction, is required to ensure that any degradation of the bond does not occur in service, and it is equally important to maintain coating integrity through forming and assembly to provide a firm foundation for the adhesive system.

As described previously, the influence of material properties on impact and collapse characteristics are becoming more evident with the development of dual-phase and TRIP steels, which due to unique work hardening and ductility combinations (increased area under the stress-strain curve) offer increased energy absorption. (Instances where these steels are being exploited are given in Chapter 8.) Again, enhancement of these properties should be possible through adhesive application, leading to a high-strength steel utilization of 80–90%. An example of a current design utilizing 25 grades of mild steel, high-strength and ultra high-strength steel is the Jaguar XF-body Concept, which also features a boron steel vertical ‘ring’ around sides of an occupant cell.






2.5 Panel dent resistance and stiffness testing

Optimized designs of outer body panels must also meet several other performance criteria, including stiffness, oil canning, or critical buckling load, and dent resistance. Stiffness is a fundamental concern for the perceived quality of a body panel. Along with oil canning (the ‘popping’ of a panel when pressed) it determines how the panel ‘feels’ to a customer. Dent resistance is important to avoid panel damage in-plant and to minimize dents and dings on external parts in-service. Poor panel quality in used cars will generally depress resale values and may influence customers’ choice of brand.

From a practical point of view, dents can be caused in a number of ways and affect the full range of external body panels. In the case of doors, for example, denting can occur from stone impacts (dynamic denting) or, to the frustration of the vehicle owner, from the careless opening of an adjacently parked vehicle door. Denting can occur where the door surface is smooth and may not have sufficient curvature to resist ‘door slamming’ (quasi-static denting) or along prominent feature lines, where ‘creasing’ can occur.

Panel dent resistance and stiffness has been the subject of considerable research. Despite this, there is no industry-wide, generally adopted method of testing. For quasi-static dent testing, a wide range of purpose built dent resistance/stiffness test equipment configurations have been employed within the automotive industry. In addition, the configuration of a tensile testing machine for compression testing and similar modified equipment has allowed suitable data to be obtained. Whichever system is used, the principle of force application resulting in deflection and ultimately plastic deformation of the panel remains the same. Variables can include method of load application (hydraulic or stepper motor), speed of load application, indentor shape and size and panel assembly conditions. Some reported methods of testing are based on repeated application and removal of force at increasing levels. Others involve the continued application of a steadily increasing force until denting occurs. In some cases, stiffness is assessed using the same basic test equipment but with a much larger radiused loading head to prevent localized deformation. Force and displacement measurements are generally incorporated into a data acquisition system.

A typical output from such a test is represented in Figure 2.21. Initial stiffness is given by the slope of the curve in the first region, until the buckling load is reached. After ‘oil canning’, the panel continues to deflect elasticity, before the onset of plastic deformation in the material. When the load is reversed, permanent deformation of the panel is indicated by the fact that the lower portion of the curve does not return to zero.
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FIGURE 2.21 Test rig for measurement of panel dent resistance and stiffness

Experimental testing of dynamic dent resistance has previously concentrated on drop weight rigs, using various indentor masses and drop heights to achieve a range of denting energies. Even higher energies can be achieved through the use of a compressed air operated ball-bearing gun. The key issue is that test conditions (denting force, impact speed, etc.) must be genuinely representative of the conditions existing in the field, i.e. if the energy input to cause a perceptible dent in-service is 10 J then the dent testing procedure should reflect this.

Test results generated from the above techniques will typically be compared against performance standards set by an individual manufacturer. Standards widely known include those published by the American Iron and Steel Institute, which defines a minimum dent resistance of 9.7 J and a stiffness that should exceed 45 N/mm2.

Based on testing using the practical techniques outlined, empirical formulae predicting the force and energy required to initiate a dent have been presented in recent years. Typically:
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where W is the denting energy, K is a constant, YS is the material yield strength, t is the panel thickness and S is the panel stiffness. Panel stiffness depends upon the elastic modulus, the panel thickness, shape and geometry and boundary conditions. The ability of plastic panels to meet light denting is a definite advantage (over 40 years ago Henry Ford could be seen striking a Ford development vehicle with plastic panels to demonstrate the ability of plastic/composites to resist denting). Nonetheless, high-strength steels offer more dent resistance, at the same thickness, as mild steel, or provide the opportunity for weight saving and equivalent dent resistance at reduced panel thickness.

Given the many iterations of automotive body panel design that can take place, it is usually late in the product development process that the first production representative parts are available for dent and stiffness testing. With press tooling already produced, it is generally only initial material properties that can be changed or local reinforcements added to improve the stiffness/dent resistance. It is not surprising, therefore, that much attention is currently being focused on the use of analytical tools such as FEA, for body panel performance predictions. Thus, given certain part geometry and dimensions, predictions of stiffness and dent resistance can be made. Based on material gauge and grade, and in the case of metallic panels strain levels in the material, optimization of the design can take place. Should the accuracy of such techniques be proven, the use of dent and stiffness testing equipment may, in future, be limited to selected verification tests of such performance predictions and quality control issues.




2.6 Fatigue

The behavior of sheet materials under conditions of constantly fluctuating stress or strain is of critical importance to the life body structure, whether of high or low frequency. High cycle fatigue is more descriptive of conditions existing, for example, in close proximity to the engine compartment, while low cycle conditions represent those induced by humps and bumps encountered in road running. Both are assessed very carefully in the initial engineering selection procedure, the high-cycle behavior being determined with Wohler S–N curves, often used as the input to CAD design programs (see Figure 2.22). Steels typically give a clearly defined fatigue limit below which components can be designed in relative safety. However, aluminum gives a steady stress reduction with time. As described in Chapter 5, caution should be noted with regard to using cold work strengthening – low cycle fatigue can induce a progressive cyclic softening, which can counteract the strengthening developed by strain ageing as well as cold deformation.
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FIGURE 2.22 Fatigue life evaluation: (a) terminology for cyclic stress; (b) S–N diagram; (c) strain/life curves; (d) dynamic stress/strain curves; (e) fatigue-limit diagrams

The behavior of a particular design is very difficult to predict due to the combination of the nature of materials characteristics and the complexity of design features resulting from all body shapes (which can result in stress concentrations). Therefore, despite extensive measurements and predictive programs the only true way to determine the sensitivity of a structure to cyclic behavior is rig testing. This can take the form of simple push–pull load application or extend to four-poster simulated movements actuated from signals gathered under arduous track testing. Push–pull tests, even of the simple tensile test type, must be carried out carefully to avoid buckling effects, which may limit the range of thicknesses on which these tests may be used. It is of benefit if the investment can be made in the hydraulic facilities necessary for the full rig simulation, because these are the only realistic means of detecting weaknesses prone to cyclic failure, apart from, of course, the accelerated track tests over rough terrain.

Weaknesses can be identified by the application of stress lacquer techniques or similar, and modification carried out by localized strengthening. The effect of material properties is debatable as, again, it is claimed that body features negate these. In the case of spot welded joints, in particular, many studies have shown that with high-strength steels the notch effects associated with the weld geometry overpowers any effect due to material strength.

The more lengthy description of the fatigue process and body design that follows is reproduced from Lightweight Electric/Hybrid Vehicle Design5 and presents a concise summary of factors that determine fatigue resistance, and relates to most body structures.


2.6.1 Designing against fatigue

Dynamic factors should also be built in for structural loading, to allow for travelling over rough roads. Combinations of inertia loads due to acceleration, braking, cornering and kerbing should also be considered. Considerable banks of road load data have been built up by testing organizations and written reports have been recorded by MIRA and others. As well as the normal loads which apply to two wheels riding a vertical obstacle, the case of the single wheel bump, which causes twist of the structure, must be considered. The torque applied to the structure is assumed to be 1.5 × the static wheel load × half the track of the axle. Depending on the height of the bump, the individual static wheel load may itself vary up to the value of the total axle load.

As well as shock or impact loading, repetitive cyclic loading has to be considered in relation to the effective life of a structure. Fatigue failures, in contrast to those due to steady load, can of course occur at stresses much lower than the elastic limit of the structural materials, see Fig. 2.22. Failure normally commences at a discontinuity or surface imperfection such as a crack which propagates under cyclic loading until it spreads across the section and leads to rupture. Even with ductile materials failure occurs without generally revealing plastic deformation. The view at (a) shows the terminology for describing stress level and the loading may be either complete cyclic reversal or fluctuation around a mean constant value. Fatigue life is defined as the number of cycles of stress the structure suffers up until failure. The plot of number of cycles is referred to as an S–N diagram, (b), and is available for different materials based on laboratory controlled endurance testing. Often they define an endurance range of limiting stress on a 10 million life cycle basis. A log–log scale is used to show the exponential relationship S = C. Nx which usually exists, for C and x as constants, depending on the material and type of test, respectively. The graph shows a change in slope to zero at a given stress for ferrous materials – describing an absolute limit for an indefinitely large number of cycles. No such limit exists for non-ferrous metals and typically, for aluminum alloy, a ‘fatigue limit’ of 5 × 108 is defined. It has also become practice to obtain strain/life (c) and dynamic stress/strain (d) for materials under sinusoidal stroking in test machines. Total strain is derived from a combination of plastic and elastic strains and in design it is usual to use a stress/strain product from these curves rather than a handbook modulus figure. Stress concentration factors must also be used in design.

When designing with load histories collected from instrumented past vehicle designs of comparable specification, signal analysis using rainflow counting techniques is employed to identify number of occurrences in each load range. In service testing of axle beam loads it has been shown that cyclic loading has also occasional peaks, due to combined braking and kerbing, equivalent to four times the static wheel load. Predicted life based on specimen test data could be twice that obtained from service load data. Calculation of the damage contribution of the individual events counted in the rainflow analysis can be compared with conventional cyclic fatigue data to obtain the necessary factoring. In cases where complete load reversal does not take place and the load alternates between two stress values, a different (lower) limiting stress is valid. The largest stress amplitude which alternates about a given mean stress, which can be withstood ‘infinitely’, is called the fatigue limit. The greatest endurable stress amplitude can be determined from a fatigue limit diagram, (e), for any minimum or mean stress. Stress range R is the algebraic difference between the maximum and minimum values of the stress. Mean stress M is defined such that limiting stresses are M +/–R/2.

Fatigue limit in reverse bending is generally about 25% lower than in reversed tension and compression, due, it is said, to the stress gradient – and in reverse torsion it is about 0.55 times the tensile fatigue limit. Frequency of stress reversal also influences fatigue limit – becoming higher with increased frequency. An empirical formula due to Gerber can be used in the case of steels to estimate the maximum stress during each cycle at the fatigue limit as R/2 + (σu2 – nRσu)1/2 where σu is the ultimate tensile stress and n is a material constant = 1.5 for mild and 2.0 for high tensile steel. This formula can be used to show the maximum cyclic stress σ for mild steel increasing from one-third ultimate stress under reversed loading to 0.61 for repeated loading. A rearrangement and simplification of the formula by Goodman results in the linear relation R = (σu/n) [1 – M/σu] where M = σ – R/2. The view in (e) also shows the relative curves in either a Goodman or Gerber diagram frequently used in fatigue analysis. If values of R and σu are found by fatigue tests then the fatigue limits under other conditions can be found from these diagrams.

Where a structural element is loaded for a series of cycles n1, n2 … at different stress levels, with corresponding fatigue life at each level N1, N2 … cycles, failure can be expected at Σn/N = 1 according to Miner’s law. Experiments have shown this factor to vary from 0.6 to 1.5 with higher values obtained for sequences of increasing loads.






2.7 Alternative body architecture

Before examples of more adventurous modern designs are presented in Chapter 4, certain vehicles that illustrate further interesting steps in body and materials development are discussed here. Having commenced with essentially steel bodies of unitary design, and these still constitute the vast majority of volume cars produced, ‘conventionally built’ aluminum structures are now considered, before moving to the spaceframe concept and finally hybrid configurations. In this context hybrid means mixed material content and introduces the ‘friendly’ advantages of polymers (impact resilience and styling freedom) combined with the lightweight advantage of aluminum and the practicality and safety issues associated with steel. The safety aspect of hybrid materials has always been an area of contention for the anti-CAFE lobby in the USA, who claim that the benefits in fuel economy achieved by these lighter weight vehicles are at the expense of vehicle safety, and they claim to have accident statistics to prove this.


2.7.1 The unitary aluminum body

The development of the all-aluminum body is now more associated with the A8 and A2 spaceframe type of vehicle (described later), which constitutes a different type of concept. The need for a fundamentally different type of design may become more obvious if the production of an aluminum body is first considered with conventional production technology. Some use was made of aluminum prior to 1900 – for the Durkopp-developed sports car8 and later the Pierce Arrow body (1909), which incorporated rear end panel, roof, firewall and doors in cast aluminum. However, the Dyna Panhard was probably the first aluminum-bodied car to be mass produced in Europe. The Honda NSX sports car (1990–2005) represents the most recent aluminum body built using conventional manufacturing methods, and proves that assembly was and is possible in moderate numbers.


2.7.1.1 The honda NSX

Following a comparison of specific strength, specific rigidity and equivalent rigidity with sheet steel and SMC the decision was made to manufacture the BIW in aluminum9 to reduce the weight by about 140 kg. The rigidity of a car such as the NSX is critical to maintain steering stability; to help improve this the sills were produced as extrusions with variable side-wall thickness. The comparison is shown in Figure 2.23.
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FIGURE 2.23 Sill sections produced from pressed parts compared with extruded sections9

To satisfy different requirements for strength, formability, weldability and coating, detailed preparatory background studies showed that different alloys should be used for different panel applications and these are indicated in Figure 2.24. It was found that wrinkling and shape control were the main problem on forming, attributed to lower modulus, which resulted in more springback (compared to steel) and also the lower r-value. Twice the overcrowning allowance was required than for steel in the forming of door outer panels. Together with proportionally lower forming limit curves, it was found that new disciplines in the form of die adjustments, crowning and lubrication were essential if the required shapes were to be mass produced.
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FIGURE 2.24 Aluminum alloys used for NSX body panels9

Regarding welding, instantaneous welding currents of 20,000 to 50,000 A were now necessary, compared with 7000 to 12,000 A for steel, and higher weld force values of 400 to 800 kgf, compared with 200 to 300 kgf, were also required. A special hand-welding gun was devised having a built-in small transformer to reduce current loss. Spot welds were augmented with short metal inert gas (MIG) welding runs. Prior to painting with a four-coat system a change to a chromate–chromium pretreatment was found more suitable than the usual zinc phosphate formulation. Dacromet was found effective in protecting small steel parts, e.g. bolts, from bi-metallic corrosion.






2.7.2 The pressed spaceframe (or base unit) concept – steel

Following the Land Rover experience, the use of aluminum skin panels was extended to the Rover car range, the P4 (1954–1963, doors, hood and trunk lid) and P6 (1964–77, hood and trunk lid) although the SD1 body (Rover 3.5, 1976) reverted to steel. It was interesting to note that the P6 (Rover 2000) trunk lid was changed to the 2117 Al–Cu grade to improve formability and obviate any signs of ‘stretcher-strain’ markings. However, the most significant design feature associated with the P6 was the appearance of the steel base unit in the 1964 P6, which featured a central frame to which pressed outer assemblies were rigidly and consistently bolted using drilled and tapped forged bosses (see Figure 2.25).
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FIGURE 2.25 Rover P6 spaceframe

This ‘base unit’ was then clad with steel fenders (wings) and doors whilst the hood and trunk (boot) lid were in aluminum. The advantage of this type of design is that, in theory, the cladding and external shape can be changed relatively easily without changing the substructure, and repair simplified. This concept enabled the use of clad panels in aluminum as an option. The same idea was adopted on the American Pontiac Fiero, where a steel substructure was clad in polymer skin panels, again using adjustable box-type attachment points, which could accommodate any differences in expansion between the two materials. The GM Saturn, shown in Figure 2.26, used the same type of pressed steel spaceframe (lower parts galvanized) for structural integrity and strength, while clad in thermoplastic skin panels (doors, fenders, quarter panels and fascias) to enhance corrosion resistance and to reduce damage from low-speed impacts.10 The roof, hood and trunk lid were in steel and the skin assemblies painted in complete sets on support bucks in simulated on-car positions.
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FIGURE 2.26 Saturn spaceframe showing polymer panels on a four-door sedan10

In 2007 the decision was taken to replace the thermoplastic panels with steel for more dramatic styling, economic considerations and tighter panel gaps. The design technology was carried forward and developed for the original Renault Espace, which featured a steel substructure (in reality unibody structure with nonstructural plastic cladding panels). However, the distinction here was that the unit was fully hot-dip galvanized prior to cladding with a polymer exterior, the penetration of zinc into crevices adding to the torsional stiffness of the main frame. This is, theoretically, the most effective type of galvanizing, allowing the encapsulation and full coverage of spot welds and cut edges, although thickness control can be variable and result in a significant weight penalty.




2.7.3 Pressed aluminum spaceframes and associated designs

Referring, again, to examples of design innovation within the Rover vehicle range, the experimental ECV3 vehicle (see Chapter 4) demonstrated that the base unit concept could be extended further to provide an even lighter structure by using aluminum pressed parts. The torsional stiffness in this case was improved by the use of adhesive in a weld-bonding mode, employing a specially developed pretreatment and prelubrication technology. The manufacturing feasibility of this approach was proven by the production of a small fleet of Rover Metros. The adhesively bonded aluminum spaceframe was clad in plastic, the horizontal panels being in a high modulus material to improve flexure and sagging effects, with the vertical panels in reinforced reaction injection molding (RRIM) polyurethane to improve low speed impact and denting. Similar technology has now been transferred to production vehicles using AVT designs applied to the Jaguar 220 and Lotus Elise. The latest Jaguar XJ Series uses a stamped sheet structure incorporating castings and extrusions, one of the castings being the die-cast AM60B magnesium front-end carrier.

Introduced in September 1995, the Lotus Elise featured a further type of structure termed ‘the punt’. This followed joint design technology developed by Lotus Engineering and the Norwegian aluminum processing company Hydro, and, as shown in Figure 2.5, features aluminum extrusions joined by a combination of adhesive bonding and mechanical fasteners. At 68 kg the spaceframe achieved a 50% weight reduction compared with an equivalent steel construction. With bonded structures it was found that thinner sections could be used, and, in contrast with spot welding or mechanical fastening, no local stresses are produced. Excellent torsional rigidity at low mass results in good driving force and agility11 and the aluminum structure absorbs additional energy in high-speed impacts contributing to maximum occupant protection for the passenger cell. The complete vehicle is noteworthy for the use of extrusions for suspension uprights, door structures, pedal assemblies and dashboard fascia. Repair is undertaken using a replacement composite crash structure at the front and a mechanically fastened subframe at the rear, onto which the rear suspension is mounted. In the case of major frame damage the complete spaceframe can also be replaced. The choice of alloys for extrusions and sheet is influenced by ease of recycling.

The Elise technology has the scope to be extended to provide solutions for a wider range of niche cars, which could include 4 × 4, MPVs, as well as sports vehicles. Referred to as ‘Versatile Vehicle Architecture’ (VVA), the system relies on common materials design features, elements of which could be applied to a family of related structures, as illustrated in Figures 2.27 and 2.28 (a–c). Commonality of design features allows reduction in material cost and program development time. Although the initial design might take 20% longer, savings on subsequent variants can be reduced by 25–50% and development time cut by up to a half. The technology can be aluminum- or steel-based, but to minimize bodyweight aluminum may be preferred in the forms shown.
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FIGURE 2.27 CAD image showing a typical structural configuration for a front-engined rear-wheel drive vehicle, highlighting aluminum castings (red), aluminum extrusions (blue) and aluminum pressings/folded panels (grey).

Courtesy of Lotus Engineering
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FIGURE 2.28 Possible VVA design configurations: (a) front engine, rear-wheel drive, semi-monocoque tub; (b) mid-engine, rear-wheel drive, semi-monocoque tub; (c) front engine, four-wheel drive, low dominated monocoque.

Courtesy of Lotus Engineering

Cast corner nodes are literally the cornerstone of each design, and they are formed from aluminum alloy as high-pressure vacuum die castings. These nodes allow changes in vehicle length and width for maximum carry-over of parts to other platforms. They are heat-treated to give an optimized balance of properties for crash, durability and joining requirements. Alternative steel technology would embrace roll-formed sections and pressings in high strength grades, if required for safety purposes and weight reduction, where design permits lower thicknesses to be utilized. These different material forms require newer joining techniques such as rivbonding and adhesive bonding, etc. which are described in detail in Chapter 6.

Niche cars are traditionally associated with higher unit production/design costs although they offer additional versatility. VVA is claimed to offer an approach that could cut costs while adding further versatility.

The Ferrari 360 Modena is a further example of the aluminum spaceframe concept, comprising castings, extrusions and sheet.12 This was a co-operative venture with Alcoa, who manufactured the extruded and die-cast components in Soest, Germany. The Ferrari supplier fabricated the sheet components and Ferrari supplied the sand castings, including the integral parts of the spaceframe such as the front and rear shock towers. The spaceframe structure increased overall body stiffness (42% in bending, 44% in torsion) and safety while lowering the weight by 28% and part count by 35% compared to the steel predecessor. The F360 was claimed to be competitive in cost with a comparable steel body. The model is 10% larger than the one it replaced. Materials used are summarized in Table 2.2.

Table 2.2. Ferrari 360 Modena Materials
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The spaceframe comprised 42% extruded components, 33% cast components, the remaining 25% being formed sheet parts and stampings. All critical loads are transferred to the spaceframe through six castings. Sand casting was selected on the basis of low part volume and minimum weight requirements and these parts also provided significant part consolidation (see Figures 2.29 and 2.30).
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FIGURE 2.29 Ferrari 360 Modena design
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FIGURE 2.30 Final 360 Modena spaceframe

Most joining operations were carried out by MIG welding and self-piercing rivets, with special emphasis on achieving extremely accurate build tolerances. Consistent conditions are maintained by using a machining center for the location of reference locators.




2.7.4 The ASF aluminum spaceframe utilizing castings and profiles


2.7.4.1 Audi A8 and A2

A significant evolutionary step in the application of aluminum in autobody construction was the Audi A2, the first volume production vehicle to have a body structure manufactured completely from aluminum. While the earlier 1994 A8 (D2) model was clearly a major step forward in aluminum application, the spaceframe technology employed was designed for medium volumes – A8 production was typically 15,000 per annum. The A2 was manufactured for annual volumes of 60,000 to 70,000 units, and the technology employed was more suitable for these higher production rates. Other noticeable differences to the original Audi A8 (D2) were the increased use of complex castings and the widespread application of rolled aluminum profiles. Interesting components included the B-pillar complex casting, which typically replaces eight steel pressings in traditional vehicles, and the world’s first application of laser welding aluminum (around 30 m in total).

Following a number of years’ research, Audi unveiled the aluminum-intensive vehicle concept Audi 100 in 100% aluminum at the Hanover Fair in 1985. This development progressed to the Audi ASF (or Audi Spaceframe design) in 1987, and finally the production model, the Audi A8 (D2, and later D3 & D4 2010 versions). The frame structure was formed from straight and curved box-extruded sections joined into complex die-cast components at highly stressed cornered connection points. The load-bearing parts were integrated as a structure through mainly the MIG welding process, with stressed skin panels attached primarily by the punch riveting process. This was one of the first applications of punch riveting in the automotive industry, and one of the main reasons for its use was that it offers 30% higher strength joints, compared to spot welding. Resistance spot welding was used for joints that were not accessible for punch riveting. The final assembly of the body structure illustrates the three major differences between the ASF concept and traditional steel monocoque construction, namely:


• fabricated spaceframe with extrusions and castings;

• manufacture of hang-on parts (closures) including extrusions for stiffeners;

• combining the separate front and rear body sections to form the final body shell.



At the time of release by Audi, the ASF was claimed to exceed the rigidity and safety levels of modern steel bodies while achieving a weight reduction of the order of 40%. It is likely that in future years the Audi A8, together with the Jaguar XJ Series, will be regarded as a key technical development in autobody materials technology. However, six years later, in 2000, Audi unveiled the next stage of their aluminum-body development, perhaps the more important A2.

While the original A8 was largely a hand-built car (a strategy that is acceptable for a production volume of 15,000 cars per year), the A2 (ceased production 2005) was always intended to sell four times this number. This demanded a manufacturing concept that included faster automated systems and techniques. The resulting A2 body structure was a highly innovative design, taking elements of the A8’s earlier concept but refining and adding technologies to them. In addition, the number of components was reduced from 334 in the A8 to 225 in the A2. An excellent example of this part integration is the B-post component, which in the A8 consisted of eight individual parts (extrusions, sheet, castings) integrated into one component, whilst in the A2 the B-post consists of a single casting (see Figure 2.34).

The whole structure consisted of 22wt% aluminum cast elements, 18wt% aluminum extrusions and 60wt% aluminum sheet. The joining technologies used in the A8 were refined for the A2. Spot welding and clinching were abandoned. The use of laser welding is of particular note, especially the floorpan laser welded to the spaceframe structure of extruded sections and pressure die-casting. In total, 30 m of laser welding was required and the need for only one-sided access provided designers with extra styling freedom at the early concept stage. The most difficult aspect of laser welding is the tight tolerances for panel matching that are required (typically ±0.2 mm). Compared with the A8, the self-pierce riveting process was used much more widely to join sheet metal and extrusions.

In the 2002 D3 version of the A8 much of the design and manufacturing technology had been carried over from the A2. However, it did represent a step change from the previous model. It was still essentially of ASF construction, but the number of parts had fallen from 334 (including hang-on parts) to 267. This was achieved through larger format pressings, such as the sideframe, and extruded sections, such as the 3-m long hydroformed roof frame, and multifunctional large castings used for the B post (and radiator tank). The B post previously comprised eight parts (4254 g) but was now a single component with its weight reduced by 600 g. Compared with a conventional steel bodyweight was reduced by 40%. One hundred and fifty six robots ensured an automation level of 80%, with a claimed 50% saving in the production cycle. Other manufacturing advances included a hybrid laser MIG welding process, which achieved synergistic effects by combining both joining processes. A hybrid-welding seam length of 4.5 m is achieved per body. As well as the hybrid welding seams there were 2400 punch rivets, 64 m of MIG welding seams and 20 m of laser welding on each A8 body. Concerning the peripheral joint on bolt-on panels, rollers secured to a robot arm bent the outer panel over the inner and created a strong joint with the application of a hem-bonding adhesive. The doors, hood and tailgate were hemmed in this way and the wheel arch to sideframe similarly processed. Induction curing were used to prevent movement between inner and outer panels at the BIW stage. The D3 A8 body is shown alongside the original version in Figures 2.31 and 2.32. A great deal
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FIGURE 2.31 Audi A8 original D2 body structure
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FIGURE 2.32 Audi A8 D3 body structure
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FIGURE 2.33 Audi A2 body structure

of development time and effort were obviously expended in optimizing an extremely efficient production process. The emphasis on laser and MIG welding plus mechanical fastening differs from the ASVT technology, where more extensive use is made of adhesive application to structural joints.

The 2010 D4 version of the A8 now has 243 BIW parts and features the following innovations:


• an 8% steel content, including B pillar incorporating ‘form hardened 22 MnB5, partially heat-treated and joined to ASF using prepunched holes, structural adhesive and FDS (flow drilled screws)’;

• 13 different aluminum alloys;

• 1800 mm gapless laser welded roof joints;

• 44 m, compared to17 m, of structural bonding on D3;

• a hybrid front end utilizing ‘organo fibre sheet comprising thermoplastic matrix + glass fibre’, achieving a 20% weight saving compared with the previous version;

• 30% weight reduction in the spare-wheel well using fiber-reinforced PA6GF60 plastic;

• an omega cross-beam incorporating double hollow hydroformed sections.



In the same premium class, the latest model in the Jaguar XJ Series, the X351 (the second generation of their lightweight vehicle program), continues the ASVT type of construction (see Figure 2.35), and the bodywork features:


• 89% body parts fabricated by stampings, 6% extrusions and 4% castings;

• 58% of the aluminum content is 5xxx series and 19% is 6xxx series;

• all external panels are 6111 T4 capable of a class-A finish and give a 20% weight saving compared with the previous X350 version;

• the bodyside is now 1.2 mm 6111 T4PD compared with the 1.5 mm 5765 alloy used previously, giving a 20% weight saving;

• the body comprises 313 parts mainly joined by self-piercing rivets (SPR) and 154 m of adhesive bonding;

• the body complete contains 3118 SPR, 11% fewer than the X350 version;

• an AM60B magnesium casting is used for the front end, replacing the 15-part welded aluminum assembly on the previous model with a weight saving of 30%;

• an innovative dual phase (DP) 700 steel/composite B-post reinforcement;

• a lightweight 1.1-mm aluminum hood within the deployable design construction for pedestrian safety.
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FIGURE 2.34 Audi A2 B-post casting
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FIGURE 2.35 Jaguar XJ X351 body structure






2.7.5 Examples of hybrid material designs


2.7.5.1 Hybrid designs in aluminum and steel

Inevitably, composite assemblies featuring mixed steel-and-aluminum component parts have been utilized to combine the formability and other advantages of steel with the low density contributed by the alloy parts. A typical example is aluminum skin panels used in conjunction with steel inner panels on some 4 x 4 door assemblies. Apart from the advantages highlighted above, the use of a one-part steel inner significantly reduces the fabrication costs and time necessary to produce an aluminum equivalent, where a multipart subassembly might be required. Close attention must be paid to separating aluminum and steel surfaces (see Chapter 7). Where this is achieved by sealants or gaskets, maximum manufacturing consistency must be maintained to ensure long-term perforation corrosion is avoided; this is especially important for vehicles that encounter arduous off-road conditions.

An example of this type of hybridization in passenger cars is the 2003 BMW 5 Series, where the front end featured extensive mixed use of aluminum and steel (see Figure 2.36). In the 2010 5-Series sedan mixed materials are again used. This time aluminum castings are used for the front suspension (shock tower) housings, while the door inners are aluminum 5xxx sheet pressings with outers in 6xxx, with door intrusion beams in UHSS 950 MPa steel. The assembly of the doors involves 13.8 m of laser beam welding. In-house processing of zinc-coated press-hardened steel (1500 MPa) accounts for 12% of the structure mainly in the B post and associated frame areas to provide strengthening in side-impact situations. In the 5-Series GT, a lightweight design utilizing similar materials achieved a 60.9 kg saving.

[image: image]

FIGURE 2.36 Hybrid aluminum (front end) and steel structure used in BMW 5-Series sedan




2.7.5.2 Hybrid designs with composites

A further example of a hybrid design, this time incorporating carbon composite material, is the BMW M3 CSL (see Figure 2.37), but the significance of this is that it has been achieved under series production conditions. Materials were selected on the basis of excellent stiffness and strength. In comparison with the normal steel equivalent, a weight saving of 50% has been realized. Five layers of carbon fiber have been used, and maximum properties developed by the correct alignment of the individual fibers, principally in the same direction as each other. The production and assembly process takes one fifth of the normal production time associated with carbon fiber panels, due largely to the automated production process (see Chapter 3).
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FIGURE 2.37 BMW M3 CSL sedan with CFRP roof panel




2.7.5.3 Aston Martin Vanquish

Although the Aston Martin Vanquish13 was discontinued in 2007 (see Figure 2.38) it used a mixture of innovative materials technologies for a low volume model (350 units/year). A number of the skin panels were pressed or superplastically formed from aluminum sheet. The body structure was mounted on an aluminum-bonded and riveted lower structure (similar to the Lotus Elise), but incorporated a mixture of carbon fiber and aluminum extrusions in the floor/tunnel construction (see Figure 2.39).
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FIGURE 2.38 Aston Martin Vanquish
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FIGURE 2.39 Internal structure of Vanquish showing carbon fiber composite and extrusion construction

In addition to the tunnel, the windscreen pillars were also carbon fiber bonded to the central structure to create a high-strength safety cell. A steel, aluminum and carbon fiber subframe carried the engine, transmission and front suspension and was bolted directly to the front bulkhead. As can be seen from Figure 2.40 the doors were fabricated from aluminum, incorporating extruded aluminum side-impact beams.
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FIGURE 2.40 Side view of Vanquish






2.7.6 Designs based on carbon fiber or CFRP

The development of carbon fiber construction for bodywork probably began with the launch of the McClaren MP4/1 Formula 1 car in 1981, in recognition of its lightweight, impact resistant properties. McLaren followed this with the first road car featuring a carbon fiber chassis, the F1 sports car (1992–1998) (see Chapter 3), and then the Mercedes-Benz SLR, produced at the McLaren Technology Centre, appeared, which became the best-selling car in the £300,000 supercar class. (Between 2003 and 2009, 2000 were produced.) This has now been followed by the MP4-12C, featuring a new one-piece molded and hollow carbon composite chassis, and at £165,500 is competitively priced for this class of car.

The F1 was produced manually and took up to 3000 hours to complete, but the bonded carbon chassis of the SLR took one tenth of that time to produce. The new carbon manufacturing process developed for the 12C with its MonoCell design (see Figure 2.41) takes 4 hours. This lightweight hollow structure is produced in one piece using resin transfer molding (RTM) in conjunction with robotic processing, which is more aligned to the faster production rates used in volume manufacture. As for other processes (described in Chapter 5) the carbon fiber is loaded into a complex 36-ton tool before it is pressed together, heated and injected with epoxy resin. Subsequent post curing hardens the resin and the MonoCell enters a booth where key surfaces are precision machined prior to assembly. The process between forming and curing produces the MonoCell as a hollow structure, the key to the chassis’ combination of strength and light weight.
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FIGURE 2.41 McLaren MP4-12C construction incorporating MonoCell.

Courtesy of McLaren Automotive

Numerous examples of supercar bodies now exist utilizing carbon fiber reinforced plastics (CFRP), including the impressive Lamborghini Aventador with its single carbon fiber monocoque chassis as used in Formula 1. The Alpha Romeo 4C also features a carbon fiber frame, but will be a more affordable sports car manufactured in quantities of up to 1500 per year, and it weighs less than 850 kg – less than the Lotus Elise.

The Tesla Roadster combines the Lotus Elise type of monocoque chassis, constructed of resin-bonded and riveted extruded aluminum, with a carbon fiber composite skin to achieve a lightweight chassis with a smooth aerodynamic surface. Using RTM and a closed mold configuration the carbon fiber mat is laid between two polished steel tools and resin injected to fill the gap. The technique allows good thickness control, reduces process time and maintains a high level of surface finish. Thickness can also be controlled locally to integrate features for strengthening or providing location of mounting hinges, etc. To achieve high bending stiffness the carbon must lie as close to the surface as possible. The panels are actually a sandwich of two layers of carbon fiber separated by a middle layer of glass and polypropylene, which presses the carbon against the surface of the tool. To create a smooth surface ready to paint, the inside of the tool is sprayed with a special primer, which adheres to the resin and emerges from the tool on the part. It is claimed that a bending stiffness similar to that of steel panels is obtained, together with a weight reduction of 22 kg compared to glass fiber composites.

The special role of CFRP in alternatively powered vehicles is considered below, where more weight reduction may be critical to offset battery/fuel cell stack weight and extend the range between recharging/refueling operations.


2.7.6.1 The influence of alternative drive systems

The structures so far discussed in this chapter have related to power transmission by internal combustion engines (ICEs) and the trend towards weight reduction has been aimed at improving economy, reducing emissions or boosting performance. However, recently increasing emphasis has been placed on electromobility as the dominant mode of propulsion in the future. Forecasts14 have suggested that by 2020 up to around 27% of European vehicles will be powered by electrified powertrain systems (see Chapter 9 for a discussion of the wider issues). The effects of such significant changes in the future have already been considered by leading companies in the premium car sector. The BMW viewpoint was set forth in their recent LifeDrive initiative. The implications of such changes and the possible effect on material utilization in the body structure are considered in the following extract. Again CFRP is seen as playing an important role, but this time driven by the need to offset battery weight and increase range between recharging intervals.


Excerpt taken from BMW’s LifeDrive literature

Powering a vehicle electrically means more than just replacing the combustion engine with an electric drive system. The electrification of a vehicle involves far-reaching revisions to the entire body, as the electric drive system components place very different demands on the packaging space in a vehicle. The development work on the MINI E and BMW ActiveE concept projects quickly showed that ‘conversion cars’ – i.e. vehicles designed to be powered by combustion engines and subsequently converted to run on electric power – do not represent an optimum long-term solution when it comes to meeting the demands of e-mobility. As important as these vehicles have been in amassing knowledge on the usage and operation of EVs, the integration of an electric drive system into a ‘foreign’ vehicle environment is not the best way of exploiting the potential of e-mobility. Conversion cars are comparatively heavy. Added to which, accommodating the big and heavy battery modules and special drive electronics is a complex job, as the structural underpinnings of the vehicles are based on a very different set of requirements.

A new body concept, therefore, had to be developed, which carefully addressed the full gamut of technical peculiarities of an electric drive system and provided the ideal response to all safety-related considerations. So how does a functional and effective body construction for an electric vehicle shape up?


Lightweight design for electric vehicles

A modern vehicle body has to be not only strong but, above all, light as well. When you’re dealing with a vehicle powered by an electric drive system, lightweight design is particularly important because, alongside battery capacity, weight is the key limiting factor when it comes to the vehicle’s range. The lighter a vehicle, the longer the distance it will be able to travel – simply because the electric drive system will have less mass to move. Under acceleration, in particular, every kilogram of extra weight makes itself clearly felt in the form of reduced range. And in the city – the main hunting ground for an electric vehicle – the driver has to accelerate frequently due to the volume of traffic.

As well as a longer range, lower vehicle weight also makes for noticeably better performance. After all, a lightweight vehicle accelerates faster, is more nimble through corners and brakes to a standstill more quickly. Lightweight design, therefore, paves the way for greater driving pleasure, agility and safety. In addition, lower accelerated mass means that energy-absorbing crash structures can be scaled back, which in turn saves weight.

And so the task for the engineers is to keep the overall weight of an electric vehicle as low as possible from the outset. However, the fundamental aspects of an electric car’s construction are anything but helpful in this regard. The drivetrain of an EV is far heavier than that of a vehicle with a combustion engine, full tank of fuel included; an electric drive system (including battery) weighs around 100 kg more. The battery is the chief culprit here. To cancel out the extra weight it brings to the vehicle, the BMW Group is working rigorously on the application of lightweight design principles and the use of innovative materials. By using the optimum material for each component, depending on the requirements and area of usage, the BMW Group engineers have succeeded in ensuring that the heavy battery barely carries any weight, so to speak.

Lightweight materials are an important enabler in the drive towards electromobility, as they can even out the extra weight added by the energy storage system.

Bernhard Dressler




Purpose design – the LifeDrive concept

Lightweight design, however, is just one facet, albeit a very important one, of the development work which goes into modern body construction. The full electrification of a vehicle gave the BMW Group engineers the opportunity to completely rethink the vehicle architecture and to adapt it to the demands and realities of future mobility. With the LifeDrive concept they used purpose design to create a revolutionary body concept that is geared squarely to the vehicle’s purpose and area of usage in the future and offers an innovative use of materials.

Similarly to vehicles built around a frame, the LifeDrive concept consists of two horizontally separated, independent modules. The ‘Drive’ module – the aluminum chassis – forms the solid foundation of the vehicle and integrates the battery, drive system and structural and basic crash functions into a single construction. Its partner, the ‘Life’ module, consists primarily of a high-strength and extremely lightweight passenger cell made from carbon fiber-reinforced plastic, or CFRP for short. With this innovative concept the BMW Group adds a totally new dimension to the areas of lightweight design, vehicle architecture and crash safety.

The LifeDrive concept links all the systems required to drive the vehicle with the realities and requirements of electromobility, and puts them into practice with a new approach – yet still in trademark BMW Group style.

Uwe Gaedicke




Drive module – the basis and solid foundation

The Drive module brings together several functions within a lightweight and high-strength aluminum structure. This is the basic body, complete with the suspension, crash element, energy storage device and drive unit. Weighing around 250 kg and with dimensions similar to those of a child’s mattress, the energy storage system is the driving element of the integrative and functional design of the Drive module. The initial priority in the conception of the Drive module was therefore to integrate the battery – the largest and heaviest factor in the electric vehicle in terms of construction – into the vehicle structure so that it would be operationally reliable and safe in a crash.

The Drive module is divided into three areas. The central section houses the battery and surrounds it securely with powerful aluminum profiles. The two crash-active structures in the front and rear end provide the necessary crumple zone in the event of a front- or rear-end impact. The Drive module is also where you will find the components of the electric drive unit and numerous suspension components. The electric drive system is, as a whole, much more compact than a comparable combustion engine, cleverly accommodating the electric motor, gear assembly, power electronics and axles within a small space.




Life module – CFRP enters a new dimension

The LifeDrive concept is rounded off by the Life module, a passenger cell mounted on the load-bearing structure of the Drive module. The stand-out characteristic of the Life module is its construction mainly out of carbon fiber-reinforced plastic (CFRP). The selection of this high-tech material – on this scale – for a volume-produced vehicle is unprecedented, as the extensive use of CFRP has previously been thought of as too expensive and still not sufficiently flexible to work with and produce. However, with more than ten years of intensive research work and a program of process optimization under its belt, the BMW Group is the only carmaker with the manufacturing experience necessary to use CFRP in volume production. CFRP offers many advantages over steel; it is extremely strong, yet at the same time very light. Indeed, while it is at least as strong as steel, it is also around 50% lighter. Aluminum, by contrast, would save ‘only’ 30% in weight terms over steel. This makes CFRP the lightest material that can be used in body construction without compromising safety.

The extensive use of this high-tech material makes the Life module extremely light and gives the car both a longer range and improved performance. Added to which, it also has clear benefits in terms of the car’s handling; the stiffness of the material makes the driving experience more direct, with even rapid steering movements executed with flawless precision. At the same time, CFRP enables a higher level of ride comfort, as the stiff body dampens energy inputs extremely effectively. As a result, unwanted vibrations on the move are eliminated so that there are no rattles or shakes.

As well as being extremely lightweight, the Life module also opens up a whole new perspective on how a vehicle interior can be perceived and designed. The integration of all the drive components into the Drive module allows the removal of the transmission tunnel – through which the engine’s power was previously channeled to the rear wheels but which took up a lot of room in the interior. The Megacity Vehicle (MCV), therefore, offers significantly more room for its occupants within the same wheelbase. This new structure also enables the integration of new functionalities, allows a new degree of freedom in the design of the vehicle architecture and, therefore, clears the way for the interior to be optimally adapted to the demands of urban mobility.




CFRP in body construction

CFRP has a wealth of benefits as a material for a vehicle body. It is extremely corrosion-resistant and does not rust, giving it a far longer lifespan than metal. Complex corrosion protection measures are unnecessary and CFRP retains its integrity under all climatic conditions.

The secret of this extremely high-strength material lies in the carbon fibers. They are exceptionally tear-resistant longitudinally. The fibers are woven into lattice structures and embedded in a plastic matrix to create the carbon fiber/plastic composite material CFRP. In its dry, resin-free state CFRP can be worked almost like a textile, and as such allows a high degree of flexibility in how it is shaped. The composite only gains its rigid, final form after the resin injected into the lattice has hardened. This makes it at least as durable as steel, but it is much more lightweight.

The high tear resistance along the length of the fibers also allows CFRP components to be given a high-strength design by following their direction of loading. To this end, the fibers are arranged within the component according to their load characteristics. By overlaying the fiber alignment, components can also be strengthened against load in several different directions. In this way, the components can be given a significantly more efficient and effective design than is possible with any other material that is equally durable in all directions – such as metal. This, in turn, allows further reductions in terms of both material use and weight, leading to another new wave of savings potential. The lower accelerated mass in the event of a crash means that energy-absorbing structures can be scaled back, cutting the weight of the vehicle.

CFRP allows you to build an extremely lightweight plastic body without having to make compromises in comfort and safety.

Bernhard Dressler




Lightweight design and safety – with CFRP, lighter also means safer

In addition to lightweight design, passenger safety also played a major role in the development of the LifeDrive concept. The current impact stipulations for a vehicle body are extremely stringent and a wide range of different crash scenarios have to be taken into account. Generally speaking, this presents development engineers with serious challenges, especially as far as the use of new materials is concerned. However, the combination of aluminum in the Drive module and the CFRP passenger cell in the Life module exceeded all expectations – even in the initial testing phase – and clearly showed that lightweight design and safety are not a contradiction in terms.

Lightweight design does not automatically mean ‘unsafe’ – quite the contrary, in fact: in some respects, the LifeDrive concept outperformed existing constructions in crash testing.

Nils Borchers

Impressive rigidity, combined with its ability to absorb an enormous amount of energy, makes CFRP extremely damage-tolerant. Even at high impact speeds it displays barely any deformation. As in a Formula One cockpit, this exceptionally stiff material provides an extremely strong survival space. Furthermore, the body remains intact in a front or rear-on impact, and the doors still open without a problem after a crash.




Unbeatable protection in a side-on impact

The ability of CFRP to absorb energy is truly extraordinary. Pole impacts and side-on collisions both highlight the impressive safety-enhancing properties of CFRP. Despite the heavy, in some cases concentrated forces, the material barely sustains a dent, and passengers enjoy unbeatable protection. All of which makes CFRP perfectly suited for use in a vehicle’s flanks, where every centimeter of undamaged interior is invaluable.

To demolish CFRP you need to apply extremely heavy forces and/or extremely heavy acceleration – significantly more than you’d think at first glance.

Bernhard Dressler

However, there are limits to what CFRP can endure. If the forces applied go beyond the limits of the material’s strength, the composite of fibers breaks up into its individual components in a controlled process.




The best of both worlds – combining aluminum and CFRP

The new Drive module has also been carefully designed and structured with these exacting crash requirements in mind. Crash-active aluminum structures in the front and rear sections of the vehicle provide additional safety. In a front or rear-on collision, these absorb a large proportion of the energy generated. The battery, meanwhile, is mounted in the underbody section of the car to give it the best possible degree of protection. Statistically, this is the area that absorbs the least energy in the event of a crash, and the vehicle shows barely any deformation here as a result. Moreover, positioning the battery in the underbody allows the BMW Group development engineers to give the vehicle an ideal low center of gravity, which makes it extremely agile and unlikely to roll over.

In a side-on collision the battery also benefits from the crash properties of the Life module, as it absorbs all the impact energy and stops it from reaching the energy storage system. The mixture of aluminum in the Drive module and CFRP in the Life module ensures that the battery also enjoys the best possible protection through the body sills.

The Drive module is the safest form a battery can take.

Hans-Jürgen Branz

All in all, the high-strength CFRP passenger cell teams up with the intelligent distribution of forces in the LifeDrive module to lay the foundations for optimum occupant protection. And this allows the combination of materials in the LifeDrive module to provide better safety levels than a steel monocoque. Testing has shown how much potential there still is in CFRP and its use in combination with other materials. Indeed, in what are still only relatively early days, CFRP already outperforms other materials at a much more advanced stage of development.




Advantages of LifeDrive

Purpose design allows the LifeDrive concept to integrate all the key features of e-mobility – such as the large and bulky battery and compact drive elements – into an impact-resistant structure. However, the advantages of the LifeDrive concept lie not only in the weight savings it allows, the longer range and improved performance characteristics this results in, and enhanced safety. It becomes evident how much more lies behind the LifeDrive concept when you consider not only the product itself but also the production processes associated with it. The LifeDrive principle allows it to meet all the demands placed on a sustainable product within a sustainable production chain.

The vehicle’s frame construction is extremely practicable when it comes to the production of moderate unit figures, while the use of parallel working processes ensures a high level of flexibility. The vehicle’s new architecture opens the door to totally new production processes, which are both simpler and use less energy. For example, the horizontal separation of the modules allows the two elements to be manufactured separately before being put together virtually anywhere in the world in a straightforward assembly process.






Additional Incentives

Thus the motivation for lighter structures now extends to include increasing the distance covered, i.e. increasing the vehicle’s range, before recharging is required as well as emissions control and improved economy.

The BMW Megacity program, which will progress to the company’s i3 model for production at the Leipzig factory in 2013, provides the focus for much of the future structural development. Further detail of CFRP processing for mass production models (starting with the M3 roof) is included in Chapter 3.

It must be emphasized that these are the forward-looking views of one organization within the premium car sector. Similar materials have been proposed for smaller car versions, such as within the EV Think program where smaller scale production can adjust more easily to newer material concepts. However, for the mainstream volume car sector, large-scale changes in manufacturing systems will require far greater investment and initially, at least, a reliance on more conventional designs and processes.

The experience gained here together with that from the Lexus LFA may create confidence for future designs and extend feasibility to higher volume models, but progress beyond that will be severely limited unless a substantially cheaper production route can be found. Until then CFRP will be restricted to premium/performance vehicles at one extreme and the smaller city car EV sector at the other.








2.7.7 Magnesium

Magnesium is now starting to find favour, as past problems such as corrosion resistance and porosity improve and the pressure for lightening the body structure becomes more critical. The physical and mechanical properties are attractive but cost and stability limit its use mainly to premium models such as Jaguar XJ and BMW. Specific applications are discussed in more detail in Chapter 5. Used in the past by VW and Rover for gearbox covers, the latest interest in magnesium is for vehicle crossbeams, such as that introduced by Fiat and Rolls-Royce in pressure die-cast form (although progress is being made in sheet production). Chrysler in the USA has been using instrument panel cross-car magnesium beams made of high-pressure die-castings since the mid 1990s.






2.8 Integration of materials into designs


2.8.1 General

The above appraisal of designs shows how the choice of material is paramount to achieving today’s objectives and how this choice is widening. Having minimized the weight of a specific design, assuming the best materials have been specified, the next step is to optimize materials with regard to each link in the chain of processing operations involved in the production of a functional part. As will be described in Chapter 5 each of these processes can strongly influence the selection of materials. For instance, complex parts require maximum formability, and this means a compromise on strength – realistically a maximum of around 300 N/mm2 proof stress, although for simple sections, such as door reinforcement beams, levels of 1200 N/mm2 may be specified. The first door intrusion beams made with martensitic steel of 1200 N/mm2 were used in a 1976 Chrysler model.15 Since then Chrysler has been using ultra high-strength martensitic grade materials for door beams, although in the last few years, the ultra high-strength tubular form has replaced the roll-formed martensitic beams. The constraints imposed by local steelmakers may preclude the use of certain grades, where for instance a bake-hardening or isotropic steel is required, and a restricted choice of coating types may be available. However, despite these minor restrictions, apart from obvious exceptions, most manufacturers are maintaining a conservative steel grade policy, requiring only minimal changes in processes.

As has been discussed above, the use of predominantly aluminum structures is only evident in one or two of the more adventurous companies who can absorb the extra supply and manufacturing costs. The majority still prefer the more cautious approach, employing the advantages of aluminum for closure or ‘bolt-on’ parts and using the accompanying weight savings to satisfy legislative weight-band requirements or added sports car performance. Many manufacturers are, however, gaining valuable manufacturing experience by building low volume sports models in aluminum, e.g. the NSX or BMW Z8, or specific parts such as the Peugeot 607 hood. Once the different disciplines demanded by this less robust material are fully understood and a way is found of absorbing the extra cost it may then find a wider usage. Plastics, as referred to later in this section, require much development in an engineering context and only very expensive derivatives yet fulfill impact and other functional requirements. Until the market price falls, use will be limited to exterior cladding and trim items. Thus, for the main body structure the increasing use of high-strength steel will continue to develop, as will the trend for progressive European manufacturers, such as BMW, to achieve weight savings of 10-15% by utilizing selective parts via thickness reduction.




2.8.2 Other materials used in body design

So far only primary materials have been considered. However, use is now being made of secondary forms of steel, aluminum and plastics, e.g. sandwich steel (and similar aluminum products described below), hydroformed steel and aluminum sections (see Chapter 4), and tailor-welded blanks (TWBs). High-performance and competition cars are also making extensive use of honeycomb materials, which, when consolidated with composite skin layers, provide ultralight high-strength impact and structural sections. Because of their exceptional strength-to-weight ratio these may be the future first choice of body material for electric and alternatively fuelled cars. For an introduction to Formula 1 body materials, which focuses on the use of carbon composites see Chapter 4. Test criteria used for such vehicles are summarized in Chapter 8.


2.8.2.1 Tube hydroforming

As evident in the ULSAB program, hydroformed tube has significant potential in parts consolidation, especially for the more rugged applications such as 4 × 4s, which also allow a little more freedom of construction. The background and other weight-saving technologies demonstrated by the ULSAB initiative are set out in Chapter 4 but from a design viewpoint it is instructive to consider a recent study that evaluated the possible advantages in incorporating hydroformed structural elements within the Land Rover Freelander. Described at the 1999 International Body Engineering Conference (IBEC),16 it shows how potentially good ideas can be evaluated under realistic conditions, offering the possibility of defraying costs and resources of two major organizations. In this instance the design data for the recently developed Freelander was to hand and could be relatively easily modified to allow an immediate comparison of new and conventional structures. Opportunity also allowed for full vehicle testing of a new concept rather than the body-only exercise with the ULSAB sedan, which relied on FEM modeling to predict performance. The Land Rover Freelander was chosen for this program principally due to the maturity of the development program for the vehicle and the design package, which allowed application to either smaller or larger products. Although a Land Rover (hitherto body-on-chassis design), the body is of monocoque or unitary construction, and the incorporation of a rigid sectional product seemed a natural choice for a rugged off-road performer.

The final configuration of hydroformed components incorporated in the design is shown in Figure 2.42 and followed an extremely detailed study. It is worth mentioning that the normal procedure is to work to a controlled predevelopment plan, whereby the features of a new design are compared with the original, a cost-effective manufacturing route defined and rigorous testing of new components undertaken. The whole process is regulated with frequent timing reviews and concurrence obtained before proceeding through successive ‘gateways’ or decision points. These preconcept stages constitute the ‘creative’ phase, and gateways and process steps are illustrated in Figure 2.43(a). During this progression the advantages of the hydroformed sections will have been assessed, firstly to confirm weight- and space-saving potential allowed by shape characteristics (see Figure 2.43(b)) and then for comparison with other possible methods that could produce similar savings (see Figure 2.44).
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FIGURE 2.42 Freelander design in steel and proposed alternative hydroformed parts16
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FIGURE 2.43 Predevelopment phases of ULSAB 40 and attributes of hydroformed sections16: (a) preconcept phases; and (b) shape comparison with conventional sections

(Reprinted with permission from SAE paper 1999-01-3181 Copyright 1999 Society of Automotive Engineers Inc.)
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FIGURE 2.44 Alternative forms of longitudinal section

(Reprinted with permission from SAE paper 1999-01-3181 Copyright 1999 Society of Automotive Engineers Inc.)

It was essential that for comparisons involving joints and flange replacement the welds were accurately modeled. For normal pressed steel box sections the assumption is made that flangeless sections are used and no allowance is made for distinguishing between alternative joining methods. However, it was critical for this new type of hydroformed joint that the joining method was represented more accurately and solid elements were used to represent adhesives and rigid bars positioned at the center of flanges to simulate spot welds (see Figure 2.45).10 The various design iterations could then proceed to determine which sections and joints would probably benefit most from alternative hydroformed sections.
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FIGURE 2.45 FE representation of joints16

(Reprinted with permission from SAE paper 1999-01-3181 Copyright 1999 Society of Automotive Engineers Inc.)

Comparison of the hydroformed with conventional parts and the stages in the manufacture from tube are shown below in Figure 2.46. The ‘application’ phase comprised manufacture of the prototype parts, illustrated above, using representative methods by a number of key tube hydroform suppliers, and finally a build and test program to validate the advantages of the modified structure. The findings are summarized in Figure 2.47. These results, and those from crash and durability testing, demonstrated that the revised structure was equivalent in performance to the Freelander while torsional stiffness was markedly improved. However, starting a completely new model program without the constraints of an existing body is likely to result in more significant weight savings and parts consolidation. Manufacturing feasibility was also demonstrated, so opportunities can now be determined in the forward model program.

[image: image]

FIGURE 2.46 Stages in component manufacture by tube hydroforming16
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FIGURE 2.47 Results from the application and proving phase16

(Reprinted with permission from SAE paper 1999-01-3181 Copyright 1999 Society of Automotive Engineers Inc.)




2.8.2.2 Tailor-welded blanks

The concept of producing composite blanks with tailored combinations of different thicknesses, strength grades and coated/uncoated steel provides the body engineer with the option of localized property variations wherever he wants them. Thus, for longitudinal impact sections: controlled collapse may be induced as an alternative to ‘bird beak’ design; bodyside blanks may be blended to give formability in central areas and higher strength at pillar locations; and door inner panels may be split to provide strengthening of the frontal area, thereby dispensing with the need for reinforcement (see Figure 2.48).17

[image: image]

FIGURE 2.48 Tailor-welded door inner blank showing thicker frontal area, eliminating the need for separate reinforcement panel17

Thus, increased scope exists for engineering solutions and parts consolidation, which may offset the premium charged for the composite blank. This technology can be applied to steel or aluminum blanks. Composite steel blanks can be produced by mash or butt resistance welding, but the finish containing a roughened fused weld zone is normally only suited to underbody parts. More often the blanks are now laser welded giving a narrow joint with a minimum of distortion and are widely used for most European models, typically for cross- and longitudinal members, door inners and bodysides. The 2009 VW Polo utilizes TWB for tunnel, front floor and front longitudinal member. Questions that must be addressed on order placement concern quality control procedures to ensure consistent weld quality, and liability in the case of failure of a structural part.

A variation on this theme is the use of tailor-rolled sheet and tube. This gives weight saving and allows a variation in properties across parts such as side members, bumper, sill and door pillar reinforcements to optimize strength and ductility where required, and further influences localized buckling and energy absorbing characteristics. The tailor-rolled 2008 blank concept was introduced with the Citroën C5 for the inner rear seat crossmember, where the use of a 0.97-mm P220 sheet with a central zone of 1.47 mm of P220 enabled the removal of the central tunnel reinforcement.




2.8.2.3 Sandwich materials

A material with extensive weight-saving potential is sandwich steel. This consists of two thin sheet outers encapsulating a thicker polypropylene central layer. At present there is not an extensive supplier base for these materials, since the commercial and engineering viability of the materials is not proven. Some of the versions that are on the market cannot resist the elevated temperatures during the body structure painting process. As a result, this material type is only viable for components, which are assembled into the body after the painting process. In addition, this material is not weldable and must be assembled into the BIW by a cold joining process of either adhesive bonding or mechanical fastening. The ULSAB program (see Chapter 4) identified and subsequently defined two components in a sandwich steel material: a dash panel insert and spare wheel well. The steel skin used for the spare wheel well has a yield strength of 240 MPa and a thickness of only 0.14 mm. The core thickness was 0.65 mm, i.e. a total sheet thickness approaching 0.9 mm. The dash panel steel was a forming grade material (yield strength 140 MPa) with a thickness of 0.12 mm and a core of 0.65 mm.

Even greater weight savings may be achieved through the use of an aluminum sheet version of the sandwich material. In this case, to achieve a similar level of bending stiffness to a steel panel, typical dimensions would be 0.2-mm thick aluminum sheets surrounding a 0.8-mm thick thermoplastic core. Compared to steel this material offers weight saving opportunities even greater than aluminum, by up to 68%.

It is suggested that these sandwich materials are good examples of the new type of hybrid materials that will be applied in the future, making use of the positive advantages of each material type, i.e. using the lightweight nature of the thermoplastic core and the stiffness, corrosion resistance and surface appearance of the metallic outer layers. However, application of this hybrid or composite material brings its own inherent difficulties with regard to recycling. Customers now demand levels of in-car refinement that were unheard of a decade ago. One technique used within automotive design is to apply significant quantities of bitumen-based damping materials to critical regions of the body structure and closures. The main drawbacks associated with this approach are the additional mass and cost. Laminated materials consist of two layers of conventional sheet material (usually steel) sandwiching a very thin layer of viscoelastic resin. The combination of these materials results in good sound damping ability and this material has been used effectively in non-autobody applications, e.g. engine camshaft covers and oil sumps. Attention is now being focused on the application of these materials to panels, such as the main floor and dash panels, which are typically covered in bitumen damping pads. Removal of these pads potentially offers weight- and/or cost-reduction opportunities together with noise, vibration and harshness (NVH) improvements.

Japanese motor manufacturers have pioneered the application of this material in body structures and examples of volume production use include the firewall panel on the Lexus LS400 and the Honda Legend. Clearly, there are many concerns arising within the process chain associated with the use of this material, including formability performance, welding and joining (see Chapters 5 and 6), and recyclability at the end of vehicle life.








2.9 Engineering requirements for plastic and composite components

The different types of plastic and their respective manufacturing processes are referred to in Chapters 3 and 5 but here reference will be made to their engineering capabilities. Only very expensive derivatives such as carbon fiber composites, already considered, currently fulfill impact and other essential structural needs. Until the market price falls, the use of polymers will be limited to exterior cladding and trim items. Thus, for the main body structure the increasing use of higher strength steel will continue to develop, and this trend as it relates to a progressive European manufacturer such as BMW (see Figure 2.14) shows weight saving of 10–15% being achieved for selected parts via thickness reduction. Also demonstrated, aluminum will play an increasingly significant role.

Performance requirements for automotive body parts, and specifically plastics, are quite demanding. For example, vehicles must perform acceptably below −30 °C and under solar heating conditions; exterior components can reach temperatures in excess of 90 °C. Panels must also be resistant to a wide range of chemicals and expected vehicle life can nowadays be in excess of 10 years or 100,000 miles, during which material performance must be acceptable. This includes the following aspects:





Mechanical performance

Mechanical properties of relevance include tensile and shear strengths and modulus. Engineering thermoplastics typically have moduli of around 3 GPa, and this relatively low value is related to the weak inter-chain bonds that hold the longer polymer chains together. In a thermoset, where the chains are interlinked by strong chemical bonds, a higher modulus is exhibited (typically 4 to 5 GPa). Further increases can be achieved in composite materials through the addition of fibers, although the resultant modulus is still likely to be less than that of metallic materials. Because of this, plastic and composite panels will usually be of greater thickness than metallic panels if a specific level of panel stiffness is required.




Impact performance

Impact performance – both low-energy impacts (dent resistance) and high-energy impacts (crash performance) – is a major consideration. To maintain impact performance of polypropylene at low temperatures it is necessary to add extra components to the polymer blend to avoid brittle failure. For composites, the fiber/matrix failure is the major energy absorption mechanism. In terms of dent resistance, polymeric panels deform in a different way to steel panels and many polymers can exhibit superior dent resistance by virtue of their low modulus. Material properties and their effect on dent resistance, therefore, become a prime consideration in panel design. The Land Rover Freelander 4 × 4 incorporates two new material applications for body outer panels, which, as well as offering other benefits, provide improved dent resistance. On a vehicle designed for off-road use, the enhanced dent resistance of the plastic front fenders and zinc-coated high-strength steels should provide significant customer benefits.




Temperature performance

Good temperature performance in service is critical. Since polymers tend to have a greater rate of thermal expansion than steel, it is possible that visual quality problems can arise in terms of buckling, warping or uneven panel gaps. This expansion must be allowed for at the design stage by appropriate design of the fixing method. Composites such as sheet molding compound (SMC) have expansion rates more similar to steel and, therefore, this issue is of less concern.




Durability in service

Both UV resistance and solvent resistance are key performance parameters for exterior panels in particular. Unlike metallic panels, polymers can be susceptible to UV degradation and the addition of stabilizers to the base polymer is necessary. Solvent resistance is also critical, e.g. with respect to petrol, and again it may be necessary to use a protective coating to ensure thermoplastic materials do not suffer a loss of strength or stiffness due to absorption of solvents.












2.10 Cost analysis

Many of the technologies described herein are aimed at achieving a reduction in component weight. Indeed, the selection of material type is based, in part, on a careful balancing of the benefit of improved fuel economy from the use of lightweight materials against the increased costs that are often incurred (see Table 3.3). Many different cost models can be applied to the evaluation of material types in the applications discussed, but general trends are shown in Figure 2.49. The relative cost benefits/disadvantages of each material type only become fully apparent in the following chapters as process chain and other indirect effects become obvious. However, since material selection and associated costs are initially determined by cost analysis at the design and engineering phase of the chain, an overall appreciation of the relative cost balance of the various materials is included here.

[image: image]

FIGURE 2.49 General cost basis for automotive skin materials

For a particular panel, there may be an increased cost for plastic compared to zinc-coated steel when manufacturing in excess of a certain annual volume. This is because although tooling costs for plastics are lower than for zinc-coated steel, raw material costs are higher. Thus, as total vehicle volume increases, the cost benefit derived from polymeric panels decreases until a certain break-even volume is reached when steel becomes the most economical solution. This break-even volume is the subject of on-going debate, although it is likely to be less than 200,000 cars. It should be noted that most medium- and high-volume models involve the production of over 250,000 cars/year, which explains why use of plastics/aluminum has been mainly limited to low-volume vehicles. Nonetheless, with improvements in technology, the cost advantage for polymeric panels may potentially shift to higher volumes, making the alternatives to zinc-coated steel more attractive to the automotive industry.

The material costs quoted here must be considered as only an approximate guide. Each material manufacturer will produce the common material grades at different cost levels depending on the exact specification of their production equipment. In addition, geographical differences can exist; for example, EZ coatings have been considered to offer a cost advantage over galvanneal coatings in Germany while the reverse has generally been true in the UK. This may go some way to explain slight differences in material policy between European carmakers.

For a true comparison of the economics of body materials the input detail should also extend to include different design and manufacturing strategies. A comprehensive cost analysis has been demonstrated by Dieffenbach.18 He compares five different systems that could be employed to design and manufacture a mid-range sedan: steel and aluminum unibodies, steel and aluminum spaceframes, and a composite structure – a cost breakdown is shown below in Table 2.3.19 At low volumes costs more strongly reflect investment levels, while at higher volumes material costs have a bigger influence, and these trends are mirrored in this study. Steel is characterized by high investment cost, lower material and faster production rate. Conversely, molded plastic has a lower investment cost, a higher material cost and slower production rate. The composite monocoque has the lowest cost for volumes up to about 30,000 vehicles per year, but from 30,000–60,000 vehicles per year the steel spaceframe shows the lowest cost. For higher volumes, the steel unibody shows the lowest cost. Neither the aluminum spaceframe nor unibody show a cost advantage, although the aluminum spaceframe competes fairly well (a 15% cost penalty), and compares with the steel unibody at high volumes. For outer panel assembly sets compression molded SMC has the lowest cost for volumes up to about 100,000 sets per year, above which steel has the lowest costs.

Table 2.3. Body-in-White Cost Analysis

[image: Image]
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In the future, the challenges for each category include: lowering tooling costs and scrap production (down to 25%) for steel unibodies; lowering raw material costs, e.g. by continuous casting, for aluminum unibodies; full exploitation of the potential 40% mass reduction available from the steel spaceframe; meanwhile, the aluminum spaceframe would benefit by the adoption of SMC (or similar) cladding (24% cheaper than aluminum), which would make it cost competitive up to 80,000 units per year. The composite monocoque is characterized by relatively expensive materials and clearly the challenge here is to reduce raw material costs, especially for carbon fiber composites.

A second approach proposed by Dieffenbach18 is to use a stainless steel spaceframe clad with self-colored composite panels, where potential savings are made by deletion of various levels of the painting operation. This idea highlights another method of utilizing materials development to reduce costs: the concept of prepainted strip (see Chapter 9). However, it does pinpoint one target area that could produce massive savings and that is the paint shop. Costs presented for steel versus stainless steel are shown in Table 2.4.

Table 2.4. Relative Costs of Steel Unibody vs Stainless Steel Spaceframe18



		Steel Unibody
	Stainless Steel Spaceframe



	Structure
Panels
Assembly
Paint
	$748
$191
$261
$415
	$522
$191
$115
$314

	Total
	$1,615
	$1,142




The stainless steel spaceframe is found to have a cost advantage of about $375 (23%) if paint is not included, and $475 (30%) if paint is included

Thus, comparing costs can be an extremely complex process requiring an intimate knowledge of the expected design and production scenario before accurate forecasts can be attempted. It is important to appreciate that the application of new material technologies as a means of vehicle weight reduction will usually be decided by the vehicle program development manager who may be willing to pay a cost penalty to reduce weight. This penalty may be influenced by the need for the vehicle to remain in a certain weight class or to move the vehicle into a lower weight class. For example, in the USA higher profit luxury vehicles have a negative effect on a company’s CAFE rating. Production of a large number of heavy vehicles in this class may incur a cost penalty and the program manager may decide that the cost penalty of introducing a new materials technology will be compensated by the ultimate weight positioning of the final vehicle.

In conclusion, the main evolutionary phases of the automotive body structure have been reviewed and the role of materials introduced with respect to properties, costs and performance expected in service. The following chapter moves on to the production processes for each of these materials to provide a fuller understanding of their strengths and weaknesses, and so enable the exact specifications to meet design, process chain and environmental requirements at minimum cost, both direct and indirect.




Learning points



1. Early chassis-based construction has now been replaced by body structures of unitary design. The spaceframe concept is increasingly popular, allowing a mix of materials to be used with ease of disassembly and repair.

2. Aluminum design using cast nodes, profiles and sheet has now been proven as a feasible design for volume production although material and vehicle insurance costs remain high.

3. FEM design techniques are now proving invaluable in reducing the timeframe of model development programs. Parameters from a wide range of materials, including high-strength steels, aluminum and polymer variants, can be used to help predict performance in dynamic situations, e.g. a crash. Lower strain-rate programs can help determine forming feasibility.

4. Contemporary design influences can introduce conflicting interests: ease of recyclability is not commensurate with the increased use of plastics used to lighten body structure. There should be no threat to vehicle safety if larger, safer, steel structures are gradually replaced by lighter alternatives.

5. Specialized production techniques offering new forms of materials such as TWBs and hydroformed tube sections are allowing more freedom of design, with opportunities for parts consolidation and weight reduction.

6. TWBs and use of lay-up techniques with composites such as carbon fiber now allow localized strengthening and stiffening of different body zones, thereby shedding superfluous weight.

7. The combination of advanced composites and ultra lightweight honeycomb structures could provide the basis for future alternatively fueled vehicles as demonstrated by current high-performance vehicles.

8. Polymers offer the designer undoubted advantages, extending the range of body shapes and exhibiting good low-speed impact, scuff and dent resistance. However, the range of materials must be rationalized to allow for simpler specification on drawings/electronic identification systems and ease the task of segregation for dismantlers.
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Cutting and trim

Cutting and trim
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22

240
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Additional Comments.

Low cost; localized wear
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ferritic zones
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Stress Cyclic Stress at  Reversals to

Monotonic Yield  (N/mm?) Test Condition  Cyclic Strain (%) Half-life Failure
Atter 10% (i) e
Grade As Received Biaxial Strain +- +1-
EDDQ/AK 159 315 As received (N 126 424,158
10% biaxial
As received 02 163 82,036
10% biaxial 02 221 11,440
HSLA 321 493 As received o1 207 845,868
10% biaxial o1 210 940,178
As received 025 208 27,144
10% biaxial 025 324 6,402
As received o1 187 > 2,700,000
Dualphase 369 726 10% biaxial o1 201 3,000,000
As received 02 326 59,134
10% biaxial 02 380 29,154
As received 025 342 28,506

10% biaxial 025 446 10,336






OEBPS/images/F000025f02-08-9780080969794.jpg
Boot luggage
Toning

Front and
rear seat

passangors






OEBPS/images/F000050f05-09-9780080969794.jpg
~——————————— Understanding of changes important for Body Engingering ————————

B Q & =

w n/ﬁ~ 2

e [ P e
] [ [T [ [mm e [
oy | [ - TS v | IS0 [carorros | v
oo | [ AP PP - Jre—
Coating Weld wmm ete. Material handiing | Washing
oo - - 3 =

~———— Generic Operations of Hydroforming————





OEBPS/images/F000025si2.gif





OEBPS/images/F000025f02-07-9780080969794.jpg
12 lement 24 cloment
mesh mesh

Hook
pressure
oading

MES 3 and 4
almost coincident

100 Element Node positon

mesih
©

s b

& 5
g e
5 2 o

s o
s o

L 1 12 1
Planar
310| . 1. . )
o ¥ @
[T —— Binear Mutinear
Py — 1 . ’
e 4

Cuvedarea Shol

=

My





OEBPS/images/F000050f05-10-9780080969794.jpg
L
=1
7

I'Ill






OEBPS/images/F000025f02-06-9780080969794.jpg






OEBPS/images/F000025f02-14-9780080969794.jpg
Intermittent engine Waste energy
Shudown explotaton

‘Ancllary components l

Optimum

operating point
of the engine. >

Dretain
effiency






OEBPS/images/F000025f02-13-9780080969794.jpg
ECE/UTAC-barrier (300 mm) US-Standard FMVSS 214 (40 mph, SINCAP)






OEBPS/images/F000025f02-12-9780080969794.jpg
100%
30 mph [
0 deg. crash anglo =
100% overlap E
(Us-208)
196%
35 mph
0 deg. crash angle. g ﬁ ;::: %,
100% overlap %
(UsNCAP) B2 %,
35 mph(domph) 250%
0 eg crash anglo £ 100
40% overlap
rigd(deformable) E 46 1998
barrer (USHIHS)

Energy absorption per structure side






OEBPS/images/F000050f05-12-9780080969794.jpg
Major engineering strain
Per cent

7

w0

10,

10 o 10 2
Per cont
Minor engineering strain

30

Steol

AN

611174 Aluminium

ED

20 W
Por cont
MOF SO0 oaring SN Sin

0





OEBPS/images/F000050f05-11-9780080969794.jpg
Englteadng:
&

Auminom

e (uniform)
e cwotom

e (total)

Steel

Modulus
70 MPa (10Ms)
Staet: 210 MPa (30 Ms)

Postuniform elongaton
A 4%

Steal: 19%

Workhardening cosffciont
A:023
Steet: 023

Uniorm songaton
2%

Stool: 24%

Stain ate hardoring
A -0002
Steal: 0013

40

Brcinsemi srate el

10

0 o005

01

015

02021 025 03 035 04
Encinedeing st

o
045





OEBPS/images/F000050f05-14-9780080969794.jpg
Relieved flat hem

6ot






OEBPS/images/F000050f05-13-9780080969794.jpg
Tooling design

e
” ¥ Edge
=
-
N
&) Minor strain
o

Lovot of s in HEM

Materal specitcation
it gavge (4)

Vil siress

2 value,undor eongaton
Aisovopy, vaive

Forming i dagram

Lot o ormabity

FLC snited afer
presvain

©

Process design
Press suliness, coarances, sposd
Stain dsrbuton aar st forn
Deformation mode in st form
Targot sain, dont resistance

Stains bofore homming






OEBPS/images/F000050f05-15-9780080969794.jpg





OEBPS/images/T000050tabT0020.jpg
BS&
International
STD

5251
5083 SPF
5754
2004 SPF*
2004 SPF*
6061

10
Designation

AMg 2
AMg 4.5 Mn
AMg 3

AMg 1 SiCu

Condition

0.2%
Proof
Stress
(MPa)
60
150
100
130
300
240

uTs
(MPa)
180
300
205
220
420
295

Elongation
(%)
18
20
25
9
9
7

“Some alloys are defined as SPF alloys whie some are superplastc versions of curient aloy types






OEBPS/images/F000025f02-03b-9780080969794.jpg





OEBPS/images/F000050f05-17-9780080969794.jpg





OEBPS/images/F000025f02-03a-9780080969794.jpg





OEBPS/images/F000050f05-16-9780080969794.jpg





OEBPS/images/F000025f02-02-9780080969794.jpg





OEBPS/images/F000050f05-19-9780080969794.jpg
Prepare
glass mat or Pl i Glose mold
prefom inm

et Gue,open Fropere
o next shot
wixing
o
o e postre
(@)
oy o woron
0rew
s vacosty o 25 70100
fs— [
Tonsie s o 2w
Eongaon ek - o
[E—— [
Pt mosios o 2o ®
Compussn s () WPa 1217
et asrion amporare 1550

©

T Tec





OEBPS/images/9780080969800_FC.jpg
MATERIALS
FOR
AUTOMOBILE
BODIES






OEBPS/images/F000025f02-01-9780080969794.jpg
ual Phase Steel





OEBPS/images/F000050f05-18-9780080969794.jpg
bisco!
pressure
Raio Resin sroam
contl
Wyl

Matprotacement Inocton  Domalang  (©)

BB T em sew

aess [ somo ssoomo
Roacan P ) o
A “";""‘ Mixing ‘static mixers  impingement
o possr i o
Vo ot iy ovas  osz0
prepy woy e
T
Compon s MPas 100860 300
e _3a
Mot (@)
(d)
A e Ui e oy
it s T ™ Random glass mat (wi%) 38 s 0 “0
s oo
e HE smciormay o om e -
A i L. =
v i Remamo s o om0 wmo
et o P
Cfeothu-F ] Gt A S e
et W uamum S0 w0 mo w0
s we w m
e e () 20 -






OEBPS/images/T000025tabT0010.jpg
Materials Choice

Steels.
Possible

Zone/ ¥s Atternatives

Assembly Requirements Type  (MPa)  (Material/Form)*

Main Structure

Front/rear longit  Impact resistance HSS 300 DPS00, AP

mbrs

A-post inner/ Rigidity, strength HSS 300 AP, HT

outer

Cantrail Rigidity, strength HsS 260 AP, HT

Main/rear floor ~ Moderate strength ~ HSS 180 As

Bodyside Moderate strength, ~ HSS 180 AS, TWB
formability

Spare wheel well  Deep drawabiliy FS 140 SWS, SPA

Wheehouse, Formabilty FS 140 As

valance

‘Bolt-on’ Assemblies

Outer Panels

Door skins ‘A’ class surface, FS 140 BH180, AS, SPA
dent resistance PLA-RRIM

Hood ‘A’ class surface, FS 140 BH180, AS, SPA
dent resistance PLA-SMC

Trunk ‘A’ class surface, FS 140 BH180, AS, SPA
dent resistance PLA-SMC

Roof ‘A’ class surface, FS 140 BH180, HS
dent resistance

Inner Panels

Doors Drawabilty FS 140 ™8

Intrusion beams,  High-impact strength ~ UHS 1200 AT, DPB00+

rails

AP, aluminum profie; AS, al

FS, foming steel; HS, hyckoformed sheet; HSS, hi

im sheet: BH180, bake-herdened steel; DP, dual phase stee);
strength steel: HT, hycroformed tube; PLA-x,

plastic-—oo type; ARIM, reinforced reaction injection molding; SMC, sheet molding compound
SPA, superplastic Al; SIS, sandwich steel; TWB, talor-welded blank; UHS, ultra HS steel
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limited by the amount of cold work
received (see below).

TRIP steels feature the
transformation of metastable
austerite to martensite during
deformation thereby imparting

a similar (but increased)
strengthening compared to dual
phase. The mechanism is similar
to DP with dislocation pile-ups at
the martensite/ferrite phase
boundaries.

(TWIP steels depend on the
oceurrence of mechanical
twinning during deformation to
achieve the necessary austente
phase change. These have

a signficantly different
composition, e.g. 18% Mn, 3% Si
and 3% Al, and are under
development for energy absorbing
structural parts.)

Gomplex steels are typically hot
roled, fine grain steels featuring
ferrite, bairite and martensitic
phases with a fine grained
microstructure and tniformly
dispersed superfine precipitates.

Martensttic steels are hot rolled
with extremely high strength levels
imparted by the predominantly
martensttic phase.

RA(TRIP)

[Ferrte I Meta-stable austenite

[THBanite W Martensite
M MSW (TMIS)

g |

> 800 >1.000 MPa






OEBPS/images/T000037tabT0055b.jpg
‘which impede dislocation
movement thereby increasing the
flow stress.

Mutiphase steels derive their
strength from thermo-mechanical
processing, i.e. carefuly balanced
roling, collng and compostional
control within the boundaries
shown in the diagram opposite,
Types of steel included in this
category are dual phase, TRIP/
TWIP, complex phase and
martenstic phase as described
below.

Dual-phase steels normaly
contain a matrix of ductie ferrtte
plus a proportion of the hard
martensite phase induced by
aloying and heat treatment. The
characteristic high work-
hardening rate resuts from the
generation and piling up of
dislocations around the martensite
fraction on strairing. The
‘Gombination of the high strength
developed, associated with
relatively high elongation values,
enlarge the area under the stress/
strain curve resulting in improved
energy absorption compared with
other steels of similar strength,
These steels also extibit bake
hardenabilty but uniike normal BH
steels the ABH increase is not

Tempertue

op Ystesl_TRIP st

Time_>
Influence of alloying slements on transformation behaviour

P
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3. Utilization Phase (10 Years)

Fuel consumption 1
Fuel consumption (MJ)

Fuel production (MJ)

Total utiization phase (MJ)

1 42 + 3 BIW Production and
Utiization Phases (MJ)

4. Recycling of Used Car Phase.

Production of iquid metal from sorap
(MJkg)

Production of iquid metal from ore
(MJkg)

Actualization factor

Economy of primary metal
Produstion through material recycling
from used car (MJ/car)

Total energy balance of a BIW (MJ)

2250
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8935
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25

05

2121
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225

05
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1980
63,840
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12

160

05

-10717

99,903

3000
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108,664
120,714

225

10

-4243

116,471

2525
79,412
10,028
89,440
99,494

225

10

-3394

96,100

2050
70,744
8142
78,886
115,256
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10

-19,784
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3. Utilization Phase (10 Years)

Fuel consumption 1
Fuel consumption (kg CO»/BIW)
Fuel production (kg CO/BIW)

Total utiization phase (kg CO/BIW)
1+ 2 + 3 BIW production and
utiization phases (kg CO/BW)

4. Recycling of Used Car Phase

Produstion of liquid metal from sorap
(kg COz)

Produstion of liquid metal from ore (kg
[ee¥)

Actualization factor

Economy of primary metal production
through material recycling from used
car (kg GO/oar)

Total CO, balance of a BW (kg CO3)
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3. Vehicle Price

Equipment and assembling (§)
Fixed costs (8)

Vehicle production cost (8)

Gar maker and dealer margin - VAT
©

Vehicle price (8)

4. Utilization Phase (10 Years)

Fuel consumption 1

Fuel cost for vehicle lfe (§)
Interest for capital investment (3)
Insurance cost (8)

Total uilzation phase cost ()
Vehicle price and utilization cost

5. Recycling of Used Car Phase

Scrap value (§)
End of use of vehicle value (3)
Total cost balance of a vehicle ($)

3600
1300
6566
3073

9639

9000
9000
5783
7000
21,783
31,423

100
60
31,363

3600
1300
6466
3026

9492

8791
8791
5695
7000
21,487
30,979

100
60
30,919

3600
1300
8607
4028

125634

8687
8687
7581
8750
25018
37,652

800
169
37,483

3600
1300
6566
3073

9639

12,000
12,000
5783
7000
24,783
34,423

100
60
34,363

3600
1300
6466
3026

9492

11,335
11,335
5695
7000
24,030
33,522

100

33,462

3600
1300
8317
3802

12,210

10670
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7326
8750
26746
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800
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Sheet ‘

Sand Castings Extrusions Components

B356-  CZ20- 6260  6063- 6022  6022-
Alloy Temper. T6 6 T6 T6 T4 6
0.2% proof st 170 125 200 160 130 275
(MPa)

UTS (M 240 185 225 205 235 310
Elongation % 7 11 10 8 23 10
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Option 4

Lowvolume  Main Zinc coated
stucture  steel (Land
Rover, Espace,
SMART)
Zinc-coated
AHSS
(aguar XF)

Closures  Auminum
(Land Rover) or
polymer
(Satum,
Espace,
SMART)

Option 5

Auminum
spaceframe
(Ferrari
Modena) or
purt Elise)
WA hybrid or
monocoque
(aguar XJ)

Polymer
bodyshell
(Elise)
Auminum (<)

Option 6

Garbon fiber
composte +
Alprofies
(vanquish)
CFRP +
aluminum
frame (Lexus
LFA, BMW
i3/8)

Polymer shell
or aluminum
CFRP (Lexus
LFA)

RTM horizontal
G-SMG vertioal

Option 10

Aluminum
spaceframe
(Ferari
Modenz) or
punt Eise)
Monocoque
(Jaguar XJ)

Hybrid (Think)

HSS lower
frame

Al extruded
upper frame
Polymer
bodyshell
(Blise)
ABS/ASA
(Think)

Option 11

Garbon fiber
composite +
Al profies
(Vanquish)

Polymer shel
or aluminum

Option 12

Complete
carbon fiber
composite
structure
(MoLaren F1)

Polymer bolt-
on panels
(Satum,
SMART)
CFRP (Lexus
LFA)

RTM horizontal
G-SMG
vertical

“Main influences — 2012-2020: emissions legisiaton, manufscturabilty & recyclabilty - favoring options 1, 2 & 3 (choice depending on material and processing
costs). Sudden of shortage/price escalation will ‘accelerate’ change 1o options 7, 8 or 9.
Growing influences -2020-2060: electromabilty (battery/FCE breakthvough will accelerate choice to Think'or FSV-type construction with increasing hybridization

& steeValuminum/CFRP mies.
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Key Design Inputs for Selected Case Study Altematives Presented by Dieffenbach'®

Steel Aluminum Steel Aluminum

Unibody ~ Unibody Spaceframe  Spaceframe Composite Monocoque
Geometry
Overall vehicle mass (kg) 315 188 302 188 235
Mass as % of
Steel unbody 100% 60% 96% 60% 75%
Spot joints (#) 3250 3400 1000 n/a
‘Seam joints (om) n/a n/a 4000 6000
Piece Count
Total piece count (#) 204 224 187 187 a1
Count as % of 100% 110% 67% 67% 20%
steel unibody
Number of stampings 187 207 40 40 n/a

Number of castings na na 30 30 n/a
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AmgSit Heal  TMS 1200
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Thickness (mm) s 175 15
Section height (mm) 34 a7 2630
Weight (ko) 125 197 1316
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absorption
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Vehicle

W Polo
GM Astra
Ford C Max
Citroén C4
Afa Romeo
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Honda
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Renautt

BMWS
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a9

3.3

Material Grade (wt%)
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2

16
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8
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1

10
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Al+
Others

a7
17

28
08Mg
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88
1Mg
100

46
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SMC40.4
PU1aT

490

a4

261
220
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3215

287
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SAHSS, advanced high strength steel: Al, aluminum alloys; HSS, high-strength steel; MS, mid steel:
PHS, press hardened steel; UHSS, ultra high strength steel
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e
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Number of roll/ n/a wa 50 wa n/a
hydroformings

Number of extrusions na wa n/a 50 na
Number of moldings wa wa n/a wa 7
Number of foam cores wa wa n/a wa 34
Panels (inners/outers) 17 17 17 17 17
Materials

Material prices (§/kg) $0.77-092  $3.00-3.50 $0.77-2.20 $2.00-3.00 $3.13
Material density 7.85 270 7.85 270 1.59
{g/lem®)

Body-in-White Cost Analysis: Key Fabrication Input for Selected Case Study Altematives

Stamping  Casting Hydroforming  Extrusion Molding
Cydle times (5) 812 50-60 30-40 310 600-1200
No. laborers/fab'n line 46 2 2 2 2
Machine costs (SM) $13-75  $08-15 $1.020 $1.0-20 $0.5-1.0

Tool set costs (SM) $0.2-60  $0.1-0.2 $0.1-0.5 $3k-7k $01-1.2
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Durasteel

Bonazine
3000/
Granocoat ZE

Weldable
primer

‘PrePrime’

‘PrePaint’

Application

Outer and
inner body
panels

Door panels
and box
sections

Spare parts

Niche
production

KD production,
remote from
OEM

Pros

Good stone
chip resistance

Good seam
resistance

Weldable,
eliminates
priming

Eliminates
priming
Eliminates
priming/
finishing
investment

Cons

Avalabilty
Prone to
pinhole
porosity

Bare out edges
Resistance
and laser
welding issues
Cost

Fumes on
welding

Cut edge
protection
Welding

Cut edges
Joining -
mecharical
fastening and
adhesives

Potential

Low
Now replaced
by HDG and
gakanneal
Used on
Daimler - Benz
A-class
Limited uptake
since

Limited
Smalliche
production

Small scale
production
Niche or KD
production
Developing
areas
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Prevailing
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As normal, with anticipated
legisiation

Short-term change
demanding

more severe fuel
consenvation or emission
contrdls requirements

Volume
Production
HS steel structure +
BH closures A
s
Increasing: F
adhesive bonding
laser welding
hydroforms —
Steel hybrid: downsized HSS  ASF aluminum
structure + polymer or spaceframe:
aluminum sheet
extrusions
Bolt-on parts castings
aluminum sheet
sin panels

—

Low/Niche
Car Production

Sports cars/SUV: Sports + EV:
ASVT + polymer GFRP complete or over
skin “————— ASVT frame

4 x 4/ SLV:

hybrid steel + alloy skin
panels; some hydroformed

sections
Sports cars/SUV: Sports + EV: GFRP.
ASVT or hybrid composite shellipod over
aluminum + polymer aluminum frame

skin “————— + aluminum profils

+ composite skin panels
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Throughput

Highvolume  Main
(c. 250,000 per  structure
year)

Closures

Anticipated Conditions

Option 1

Continued use
of zinc-coated
steel

HSS 70% +
Forming
grades

Zinc-coated
BH steel or
aluminum
{BMW), or
polymer
(satur)

Option 2

Hybrid mix:
Steel structure
HSS grades
BH, IF, DP
TRIP

Mixed Alisteel
assemblies
(W)

Aluminum
6016 (Audi A2/
A8) or polymer
for bolt-on

panels (Saturn)

Option 3

Aluminum
spaceframe
(extension of
Audi A2
technology)

Aluminum
6016
(Audi A2/A8)

*Accelerated’ Conditions

Option 7.

Downsized
zinc coated
HSS (ULSAB-
AVC) or
aluminum
spaceframe
(Audi A2, GM
Evi)

Polymer panels
Polyoarbonate
seff-colored
(Smart, GM
EV1)

RIM horizontal
SMC vertical

Option 8

Garbon fiber +
aluminum
profiles
(Vanquish)
Preprepared
carbon fiber
construction
(Ultima)

CFRP (Lexus
LFA)

Polymer shell
and closures
(Elise); GFRP
(Lexus LFA)
RTM horizontal
G-SMG vertical

Option 9

Aluminum/
composite
honeycomb
based
platforms

Polymer
panels (Smart)
Self-colored
(Satum)
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migration to dislocations following
cold deformation. These are
effectively locked, requiring

a higher subsequent stress to
recommence deformation,
thereby increasing dent
resistance.

The strength of both
rephosphorized and IF high
strength steels can be enhanced
by this mechanism but different
modes of carbon retention are
required to prevent premature
diffusion of carbon at either room
temperature in storage, or during
the application of zinc by hot
dipping. In continuous processing
this can be achieved by
incorporating an over-ageing
treatment and alloying, whereby
just enough carbon is retained in
solutionto allow the mechanism to
ocour at elevated temperatures,

The degree of cold deformation
will reduce the ABH response
correspondingly (see the diagram
below).

High-strength low-aloy steels gain ~ Grain
their increased strength from the  boundaries
fine grain structure (smaller than  Precipitations
ASTM No. 10) and fine dispersion

of preciptates (e.g. niobium and

titanium carbo-nitrides) both of

Coarse-
grained
Coarsely
dispersed

Stress

Bake hardening

Strain hardening

Fine-grained
Finely
dispersed
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UTS (MPa) 240 225 210
Yield strength (0.2% 160 130 125
offset)

Fracture elongation 3 8 10
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Alloy AA Rover/
Alusuisse DIN

Temper

UTS (MPa)

0.2 proof stress
(MPa)

Elongation ABO (%)
 (mean value)

1 5% (mean value)
Advantages

Disadvantages

Alloy type

Typical use

AAB022
(AIMg0.65i1.3)
T4

270

150

26
0.60
0.26

Improved bake-
hardening response
Directional hemming

properties
Bake hardening

Skin panels

AAG1BIA
EcodalR-608
(AIMg0.85i0.9)

T4
230
125

24
0.65

028

Improved bake-
hardening response

Limited hemming
properties

AA5022
(AIMg4.5Cu)

oM
275
135

3
070
034
Improved formabiity

Corrosion,
susceptible to
stretcher-strain

Slightly bakehardening

Inner panels

AA5023
(AIMgS5.5Cu)
oM

25

130

2

070

036

Improved formabilty

Corrosion,
susceptible to
stretcher-strain

Pe-600

OH111
270
140

29
072
034

Improved
formabiity

Non-bake
hardening
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AAGO16 AA6111 AA6009 AA5251 AAS754 AA5182

Alloy AADIN  AIMg0.4Si1.2  AIMgO.7Si0.9Cu0.7  AIMgO.5Si08CuMn  AIMg2Mn0.3  AIMg3 AIMg5Mn
Temper T4 T4 T4 H22 (Grade 3)  OM111 oM
UTS (MPa) 210 290 250 190 215 270

0.2 proot 105 160 130 120 110 140

stress (MPa)

Elongation AB0 26 25 24 18 23 2

(5%)

r(mean valueg)  0.61 055 064 070 080

n5% (mean  0.30 028 029 035 033

value)

Advantages Formabiilty, no No stretcher-strain No stretcher-strain Cormosion Good Very good
stretcher-strain  marks, improved bake-  marks, mechanical resistance, cost  formability  formability
marks, hardening response strength
balanced
properties

Disadvantages  Limitedbake-  Gorrosion concems, Limited hemming and  Possible stretcher-strain marks (Liders lines) after
hardering limited formability forming properties deep drawing
response at
Rover paint
temperature

Aloy type Bake hardening Non-bake hardening

Typical use Skin panels Inner panels
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Rephosphorized steel is an Solig-solution  Substitutional
example of a substtutional type,  formation atom

where the larger atom is straining  Bake- Interstitial
the lattice while smaller carbon,  hargening atom

‘oxygen and nitrogen atoms effect
occupy the interstices between
the ron atoms.

Interstiial-free 'IF' steels are
vacuum degassed to remove the
carbon and oxygen atoms which
impede the movement of
dislocations and, therefore,
increase the ease of deformation
(positive effect on forming,
negative effect on dent
resistance). IF high-strength
steels, therefore, combine the
increased ductiity associated with
the ferritic matrix but gain
erhanced strength from
substitutional phosphorus, siicon
‘and manganese additions.

Bake-hardening steels derive their
increase in strength from a strain
‘ageing process that takes place
on paint baking at circa 180°C.
Sufficient carbon s retained in
solution during either batch or
continuous annealing to allow

7 value

Matrix atom;
interstitial atom
Edge
dislocation

25,
20|
Future

Rephos- development
151 phorized|

steel

Dual phase

10|

0770 20 30 40 5060 70 80 90 100
Tensile strength (kgt/mr?)
Relationship betwsen 7 value and tensile strength
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Type

Low-carbon
mild steel sheet

Rephosphorized

Isatropic
Bake-hardening

High-strength
low-alloy
Dual-phase
TRIP steel
Complex and

martensitic
steels

Range of Yield
Stress (MPa)

140-180

180-300

180-280
180-300

260-420

450-600 (UTS)

500-800

800-1200

Strengthening
Mechanism

Residual C, Mn, Si

Solid solution hardering

Si addtions
Strain age hardening

Grain refinement and
precipitation hardening

Martensitic (hard) phase in
ferritic ductile matrix
Transformation of retained
austenite to martensite on
deformation
Bainitio/martensitic (hard)
phases formed by
controlled heat treatment

Relevant
Standard

EN 10130

PrEN10000¢
EN 10292 (hot-dip
zinc-coated)
PrEN10000¢
PrEN1000¢

EN 10292 (hot-dip
zinc-coated)
PrEN1000c

EN 10292 (hot-dip
zinc-coated)
PrEn10xyz

PrEN10xyz

PrEN10xyz
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1997 1998 1999

Vehicles scrapped 1,800,000 100% 1,800,000 100% 2,017,000 100%
(units)

Total material for 1,884,000 100% 1884000 100% 2,108,000 100%
disposal (tons)
Parts reused tons) 193,000  10% 193,000 10% 240,000 11%

Materials recycled 1,205,500 64% 1,253,500 67% 1,460,000 69%
(tons)
Totalrecovery fons) 1,398,500 74%  1,446500 77% 1,700,000 80%

‘Source: ACORD 20017
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Ferrous metal
Light non-ferrous
Heavy non-ferrous
Electrical/electronics
Fluids

Plastios
Carpet/NVH
Process polymers
Tires

Rubber

Glass

Battery

Other

Total*

1997 (%)
68.6
6.1
18
07
21
85
06
12
35
17
29
11
12
100

1998/9/0 (%)

683
63
15
07
21
o1
04
11
35
16
29
11
15

100

1997 (kg)

773
68
20

8
23
9%

6
14
40
19
33
13
13

1126

1998/9/0 (kg)

780
72
17

8
24
104

12
40
18
33
13
17

1142

“Passenger Cars only; average van weight s around 1480 kg
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Grade

Aurrinum-
Kiled extra
mild steel
with nitrogen
in solution

Temp.
co

500-550

550-600
600-650

650-700

700-750

750-800
800-850

700-600
600-200

Batch Annealing of
Coils

Slow heating cycle =
30h+10h

Annealing temp. 710°C.

AIN precipitation
Recrystalization

Grain growh, texture
reinforcement, grain
gowth

Texture reinforcement
Solutioning and partial
spheroidizing of Fe*C;
renitiding in the case of
annealing in HNX (N tied
up by excess Al)

Start of secondary
coarsening; coalescence
of cementite; renitriding;
loss of toughness (coarse
graing)

25h+5h
Formation of Fe G nuclei

Complete precipitation of
dissolved carbon

Continuous Annealing
Rapid heating cyole =
9054308

30-60 s hold

Annealing temp. 850°C.

Start of primary
recrystalization; start of AIN
precipitation

Grain growth impeded

End of primary recrystallzation

End of AIN precipitation; grain
growth impeded

Grain growth impeded
Very slow grain growth; start of
spheroidizing of cementite

10 mins + 5 mins

Formation of Fé G nuckei
Partial precipitation of
dissolved carbon; residual G
4-15 ppm depending on the
overaging cycle
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