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The Manufacturing Processes Industry 4.0 course objective is to provide students with an overview of manufacturing technology. Conventional manufacturing technology (also referred to as subtractive processes) as well as novel additive methods, as well as novel additive methods, are examined. Today’s global production is predominantly carried out using conventional manufacturing processes. The novel “additive processes” (also known as “generative processes”), particularly the additive processes of rapid manufacturing, currently only account for an insignificant share – of  less than 1% – of global production, but are showing an increasing trend in application. These processes are a development from recent decades since around 1985. Rapid prototyping is generally implemented within the field of product development, while rapid tooling is also used in a variety of applications within the field.	Comment by Translator: Translator: The sections of the content within this page are heavily paraphrased at times for the sake of clarity and conciseness.	Comment by Translator: Translator:  As a general rule, source words with a Fertigung base are translated as manufacturing, while source words with a Produktion base are translated as production.  Deviations from this general rule are for the sake of consistency in the individual sections within the course book that each draw upon various sources of content.

In the scope of this presentation, the primary focus of manufacturing technology is on conventional manufacturing processes according to their significance within the field as a whole. However, a complete overview of the additive processes will also be provided. Innovative manufacturing technologies such as rapid prototyping, rapid tooling, and rapid manufacturing have already successfully proven the initial capabilities and economic benefits of their processes in many areas of industry and research. In particular, rapid manufacturing processes can be prove themselves quite economical alternatives in production, if provided specific framework conditions and requirements are met. For example, in individual production or in the production of small batches, these requirements can be whether the component is suitable in terms of its required properties, materials, and geometry. It is precisely these processes that will continue to influence manufacturing in the future and will be used in suitable processes to an even greater extent. Nevertheless, the substantive results of these production processes, such as production times and quantity performance, quality, and costs for the respective manufacturing task must still meet the criteria at acceptable levels. This course also addresses the consequences of the digitalization and networking of production and production plants as well as their elements in terms of the cyber-physical system of the current of Industry 4.0 philosophy.	Comment by Translator: Translator:  Translated as production times, rather than manufacturing times for the sake of consistency throughout the course book & matching to the most commonly used phrasing within the engineering industries.	Comment by Translator: Translator: Pending term.  Quantity output or volume output are being considered as replacements.
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Introduction to Manufacturing Technology







STUDY GOALS

After completing this unit, students will know ...

… what the terms production, manufacturing technology, and process technology mean.
... how manufacturing processes are classified and which main groups and subgroups there are.
... which boundary conditions and relationships exist in production.
... what the significance of degree of automation and flexibility is.
… what the Long Tail means for production.
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1. Introduction to Manufacturing Technology


Introduction
Carl Martin Dolezalek (Professor of Manufacturing Technology at the University of Stuttgart, 1899–1984) defined the term production technology and the distinction between it and the terms manufacturing technology and process technology in greater detail. Based on this, the term production technology was defined for the first time along with the classification of process technology, manufacturing technology, energy technology, and information technology (see Figure 1.1 below).	Comment by Johnson, Lila: Please only translate graphics in the separate graphics file.
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According to this, manufacturing technology involves the production of components with defined characteristics, e.g., geometry, dimensions, and material properties as well as the joining of components to form products. In contrast, process technology involves the production of formless materials (solid, liquid, gaseous), but with deﬁned properties, such as with lubricants, fuels, powders, granulates, etc. Dolezalek also places classifies energy technology and information technology within under production technology.
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1.1 Basic Terms and Relationships in Manufacturing Technology


Manufacturing technology describes the science of the processes for forming and changing the properties of components. The German DIN 8580 Standard (o. V. 2003) describes the processes available within manufacturing technology and classifies them according to the main groups of primary shaping, forming, separating, joining, coating, and changing of material properties (see Figure 1.2 below).

These manufacturing processes are based on the concept of cohesion of materials. Cohesion is described in the processes of the main groups: creation, preservation, reduction and increase by applying the main groups (1 to 5) primary shaping, forming, separating, joining, and coating. In addition, the German DIN 8580 Standard distinguishes the Main Group 6 as the changing of material properties.
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Overall, manufacturing technology not only considers the technological and physical relationships, but also the economic aspects in which the topics of production costs and quality (accuracy and tolerances of dimensions and surfaces, properties) are a priority. Furthermore, manufacturing technology has a close relationship with materials science since the properties of the components are determined by the materials, yet these properties can also be changed through the manufacturing processes.

Figure 1.3 below shows the totality of the manufacturing processes with classification into the main groups, groups, and subgroups according to the German DIN 8580 Standard.

Manufacturing technology 	Comment by Johnson, Lila: Please recreate all side notes as text boxes in the translated document. Please signify the coordinating term in the body of the text using bold.	Comment by Translator: Translator:  Initial attempts to recreate side notes as text boxes within the body of the document skewed the existing formatting and spacing. Thus, the text boxes are positioned within the originally formatted side note area.  Please see side note directly below to confirm. Thanks!
This describes the science of the processes for shaping/forming and changing the properties of the components. 





Side Note: Main groups The main groups of manufacturing technology are based on the concept of cohesion. All manufacturing processes are classified into the six main groups according to the German DIN 8580 Standard.
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Overall, manufacturing technology includes the production of components through forming or changing processes with specified measurements (geometry, surfaces, and tolerances) as well as the changing of the material properties. Alongside this, manufacturing technology also includes the joining of components and structural parts to form assemblies or finished products.



Manufacturing result 
The essential manufacturing result and the criteria for assessing the manufacturing task are quality, quantity performance, quality, and
costs. 

Manufacturing technology requires a holistic view of the aspects of manufacturing processes and materials and the manufacturing result, represented by quality (dimensional accuracy, as well as form and position accuracy, surfaces, properties), quantity performance, and costs (see Figure 1.4 below) (vgl. Westkämper/Warnecke 2010, S. 1–9, 40–45).
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Next, the aspects of materials, quality, quantity performance, quality, and costs, as well as production management will be briefly discussed.

Materials in Machine, Automobile, and Aircraft Manufacturing

A large number of materials with a wide variety of properties are used within the machine, automobile, and aircraft manufacturing industries. These materials must be processed with manufacturing technology in order to produce parts with defined shapes and defined properties to yield components or parts. Overall, steel materials are still the most frequently used construction material in the world today. In addition, light metals, plastics and
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composites (combinations of matrix materials and reinforcing materials, e.g., from metals and plastics as well as fibers, etc.) are used (vgl. Martin 2013, S. 169–172).
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In general, depending on the load to be borne by the components, the materials must fulfill a large number of properties, e.g., strength (under static and dynamic load) and toughness as well as corrosion, heat, and wear resistance, etc. (vgl. Ruge/Wohlfahrt 2013, S. 15–56). Other aspects such as processability (manufacturing), availability, and costs are equally important.

Lightweight construction is a design philosophy with the goal of maximum weight reduction. The aim of lightweight construction is to save fuel, raw materials, and costs during the manufacture and assembly of products as well as in the use of those products. Particularly in the case of masses that must be accelerated or decelerated on a regular basis orbasis, or where the weight of the system has a decisive influence on operating costs (e.g., automobile and aerospace manufacturing), lightweight construction can significantly reduce operating costs or increase useful loads. For example, typical materials in lightweight construction are aluminum, titanium, and fiber-reinforced plastics.	Comment by Translator: Translator:  While aluminum is the typical EN-US spelling, a fair amount engineering content in EN-US uses the EN-UK aluminium.

Materials
A large number of materials are processed within the scope of manufacturing technology. The most significant of these are ferrous materials, light metals (especially aluminum), and plastics.























Properties
Depending on the respective use and load, the materials must have a large number of properties.









As a result, a lower driving power is needed for the same drive or flight characteristics, particularly with automobiles, aircraft, and other dynamic systems. In addition, fuel consumption and thus CO2 and pollutant emissions are reduced and the weight ratio to the load of the means of transportmeans of transportation load ratio is improved, allowing drives and fuel quantities to be designed more compactly.








Composites CFRP (carbon fiber-reinforced plastics) are is a particularly ideal material for lightweight construction in terms of weight, processability, costs, etc.
.

The lightweight metallic materials used in automobile and aircraft manufacturing are essentially alloys of aluminum, magnesium, or titanium alloys. Hybrid constructions from combinations of steel, aluminum, and plastic are also used in automobile manufacturing. In particular here, composites (see Figure 1.6 below) in which combining the properties of different materials, such as density, strength, corrosion resistance, etc., are combined are now used in many areas where the weight of the systems plays a crucial role. The advent of composite materials has allowed a wide variety of combinations of different materials to be realized (see Figure 1.6 below). Composite systems of this type, e.g., fiber-reinforced composites made of CFRP (carbon fiber-reinforced plastics) or layered composites (GLARE – glass fiber-reinforced aluminum), are generally accepted. This is particularly the case with demanding lightweight constructions, e.g., in automobile and aircraft manufacturing (vgl. Martin 2013, S. 169–172).	Comment by Translator: Translator:  The original German lists GLARE as glass fiber reinforced aluminium, but glass laminate aluminium reinforced epoxy is commonly associated with, and actually spells out, GLARE.

The materials in composites are usually combined with one another, with each of these having particularly favorable property values such as strength, density, and corrosion resistance for meeting specific criteria that can also be combined with one another (see Figure 1.7 below).
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In addition, fiber-reinforced composites are now regarded as the traditional lightweight construction materials in upscale automobile and aircraft manufacturing. The demand for lightweight materials has increased exponentially in recent years.

[image: Diagram
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Plastics and fiber-reinforced composites (CFRP – carbon fiber-reinforced plastics) have gained considerably gained in prominence during the most recent years of lightweight construction (vgl. Fritsche et al. 2014). They are prove an attractive choice as lightweight materials due to their high specific rigidities (e.g., bending, elongation, or torsional rigidities) and strengths. These composites also open up a multitude of new processing and design possibilities (vgl. Ruge/Wohlfahrt 2013, S. 182–219).

Low weight combined with high strength and rigidity are the primary requirements for materials and design methods for lightweight construction in the automotive and aviation industries. The background to these requirements are is the primary assessment characteristics such as weight, performance, useful load ratio, purchase price, and operating costs for the various automobile models and aircraft. This is because materials of the primary structure (load-bearing main structure in aircraft, automobiles, etc.) have a decisive impact on total weight and fuel consumption. 


CFRP
The production costs of a CFRP design are generally much higher than for conventional materials, e.g., steel, aluminum, etc.





Requirements for Materials

Materials with deﬁned properties are used within the scope of manufacturing components and finished products. The construction materials used in the various industries of machine, automobile, and aircraft manufacturing are predominantly metals (steel, aluminum alloys, titanium, etc.), plastics, and composite systems. The respective properties of the materials used depend on the requirements for the use of these components. The following requirements can be cited as an example (vgl. Martin 2013, S. 169–172). 

Machine manufacturing, automotive engineering, aircraft manufacturing	Comment by Translator: Translator: Recommend remaining consistent by using automobile manufacturing (Automobilbau), rather than automotive engineering (Fahrzeugtechnik)

· high static and dynamic strength and rigidity
· low density, thus low weight, particularly for moving masses in dynamic processes
· low thermal expansion
· high corrosion and oxidation resistance
· low price and quick availability

Thermal machines and thermal processes

· high heat resistance
· low oxidation tendency and low diffusion tendency
· high operating temperature depending on the use, sometimes up to approx. 1,000° C for materials, e.g., in reactors, chemical plants, engines, gas turbines, aircraft engines, etc.)
· low creep behavior

Steel is typically the preferred material in machine manufacturing due to its suitability, price, and availability. As an alloy with a wide variety of alloying elements, steel is a material that can be used universally and adapted to specific uses. Its diverse properties, particularly its corrosion resistance and high thermal stability, are based on a large number of possible alloying elements (e.g., chromium, nickel, etc.).

Body construction 
In modern body construction, various types of steel with different properties are used to design the occupant protection as well as crash deformation zones


Steels with a wide variety of properties are also used extensively in the area of body construction within automobile manufacturing. For example, high-strength steels are used for occupant protection, and readily formable steels with energy absorption are used for crash protection. In addition, aluminum alloys are also used to a large extent in automobile manufacturing (e.g., engine housings, transmissions, chassis components, etc.). In aircraft manufacturing, the current standard material for use in the primary structure is still aluminum with its wide range of alloys. High-strength and corrosion-resistant aluminum alloys are typically used in this case. However, fiber-reinforced composites (e.g., CFRP) are also increasingly being used in automobile and aircraft manufacturing.
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Due to the various bending, tensile, compression, and torsion load conditions caused by dynamic loads, the forces and stresses to be borne by the material in dynamic systems are highly variable and generate strong oscillating loads that can quickly lead to the fatigue of the material. In the case of oscillating loads, the full load-bearing capacity of the tensile or compressive strength of the material cannot generally be utilized due to the required fatigue strength.

Plastics have long been used as composite materials in aircraft as well as automobile manufacturing. The most significant composites include glass fiber, carbon fiber, and aramid fiber-reinforced plastics (GFRP/CFRP/AFRP). The fibers are the load-bearing and stiffening components of this composite. They absorb the tensile forces acting on the material and the matrix material in the form a of plastic (thermosets such as epoxy resins, for example) holds the fibers in their correct position relative to one another, or transmits their shear strengths. 


In machine manufacturing, the requirements for materials with regard to high strength and simultaneously low density are generally not very demanding. However, in automobile and aircraft manufacturing, there are extreme requirements for the materials in terms of the weight of the components and the strength as well as the service life of the components. Particularly in the new development of civil aircraft like the Airbus A380 and the A350 as well as the Boeing 787, innovative fiber-reinforced composites (CFRP) and advanced design methods are being considered with the aim of achieving further weight reductions. Alongside layered composites of aluminum and glass fiber, the novel materials also include carbon fiber-reinforced composites and metallic aluminum-lithium alloys (5% higher strength, 10% lower weight than traditional Al alloys). GLARE is used in the stiffening of fuselage shells (aircraft outer skin) and aluminum-lithium is used in the self-supporting structures in the wings as well as within automobile manufacturing. Also, Ccarbon fiber-reinforced composites have also already proven their usefulness in automobile manufacturing and in secondary structure components. This refers to attachments to the primary structure, e.g., tail units, spoilers, flaps, doors, etc. In the case of the Airbus A320, the vertical stabilizer (vertical tail) has already been successfully manufactured from carbon fiber-reinforced composite materials as the primary structure since its market launch in recent decades (vgl. Martin 2013, S. 169–172).

In comparison to modern aluminum alloys, a weight reduction of up to 25% can be achieved by using carbon fiber-reinforced composites. Likewise, a weight reduction of 10% can be achieved when using aluminum lithiumaluminum-lithium material. In aircraft manufacturing, e.g., fuel consumption could be reduced by about 10%. However, new materials and design methods only make sense if the associated additional associated costs for materials and production are acceptable. In addition, the maintenance of aircraft and automobiles must not be adversely effectbe adversely affected during their service life.

For example, the Airbus A350 and the Boeing 787 increasingly use fiber-reinforced composites, which accounts for approximately 50% of the weight of the primary structure. The prerequisite for this is the development of innovative manufacturing concepts and design principles with significant differences from conventional processes in metal






CFRP
Carbon fiber-reinforced plastics can save considerable amounts of fuel when used in aircraft manufacturing.









structures. Today’s metallic materials can only be replaced by modern materials once the hazards and risks of the new technologies have been comprehensively investigated and are therefore manageable (vgl. Martin 2013, S. 172).


Weight reduction This is the most important factor for the use of lightweight materials in
aircraft manufacturing.







Flexibility This is a production plant characteristic that allows it to work with different geometries.


Degree of
automation
This is the extent to  
which workers are still 
involved in the manufacturing 
process.

Weight reduction is one of the most important factors in automobile and aircraft manufacturing. The lighter the automobile or aircraft, the lower the fuel consumption. Carbon fiber-reinforced plastics are a particularly interesting alternative to metallic materials for next-generation automobiles and commercial aircraft. These new materials are already playing an important role in the new generation of commercial aircraft, such as the Airbus A350 and the Boeing 787. Current considerations assume that a weight reduction of up to 25% can be achieved with a fiber composite material percentage of more than 50% (vgl. Ruge/Wohlfahrt 2013, S. 216–219).

Quantity Performance (flexibility and degree of automation)

A key requirement for the economic efficiency of production is a high degree of flexibility and the  an adequate degree of automation of a production plant (vgl. Martin 2013, S. 172).

Flexibility is a characteristic that allows a production machine to process a large number of very different components (geometries) as well as produce a large scope of geometric form elements. When the flexibility of a production machine is low, only a few specific and very similar parts and geometries can be produced on the machine. In contrast, high flexibility allows for a large variety of geometries and components to be produced (vgl. Martin 2013 S. 173).

The degree of automation is the measure of proportionate manual activity. With a degree of automation of 0%, the worker must be continually present in order to advance the process. With a degree of automation of 100%, the running of a production machine is automatic, even without the presence of a worker.

It is well known that a high degree of automation and high flexibility are mutually exclusive. Highly flexible production plants are generally universal machines that can process a wide variety of components and geometries. Such universal machines are not automated or have only a low degree of automation. In contrast, highly automated production plants usually have very little flexibility. These systems are often designed only for a specific product, whereby fully automatic production is intended. This is the case, e.g., with body welding systems in the automotive industry or with highly automated production plants in the production of brake discs (vgl. Westkämper/ Warnecke 2010, S. 1–9, 40–45).

Figure 1.8 below shows the requirements for the series size. Small batches require universal machines with a high degree of flexibility since small batches can rarely utilize the production machine by only producing one product or one order. Medium series require high flexibility, but alsoyet high levels of automation. This is precisely what CNC machines 
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fulfill to a high degree. Large-scale series and mass production require highly automated systems, which usually only have very little flexibility. Here, the production machines are generally utilized for many years, sometimes even for just a single component (e.g., in the automotive industry).


As the degree of automation rises, unit costs fall, but flexibility decreases while investments increase. As a result, small batch production requires universal machines since these are the only economical approach.
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An important basis for assessing the quantity performance is a detailed knowledge of the production times. This detailed knowledge of production times is of essential importance for costing, payroll accounting, and production planning. To do this, a detailed time analysis is prepared for each component (unit), and the allowed times for each individual work step are then determined from this. There are various methods for the determination of these times and the REFA System (vgl. REFA 2016, S. 61–75) is one of the most significant methods.

Unit costs
Flexibility decreases with a rising degree of automation. In contrast, unit costs fall considerably, while investment costs increase sharply.










REFA
This is an organization that provides a structure for time planning in manufacturing. According to REFA, times are determined in the work 
process.

The determination of the allowed time (according to REFA) is an essential process in the specification of work processes in manufacturing. The allowed times represent the time load for the person in the work process (work order time, person-related) or of the manufacturing equipment (occupancy time, equipment-related). The time for the person working (allowed time) is determined separately from the equipment (occupancy time). The determination of the allowed time is carried out according to the rules of the REFA association by questioning the working persons, by self-recording, or by using time studies as ACTUAL times or by calculating, comparing, estimating, or planning times as TARGET times. In addition to the determination of the basic times, the determination of the allowance times as well as the recovery times (only for the working person) is also essential.

In the context of order processing, TARGET times (vgl. REFA 2016) are the times in the work process that are required by persons (work order time) and equipment (occupancy time) in order to conduct the work processes to be carried out. REFA assumes the normal performance (100%) of a working person. In the case of deviations in the work rate, the performance degree is estimated, and the allowed time is corrected with the performance degree. The normal performance corresponds to the proper completion of a task at a normal pace in a given work system and with specified influence variables. The allowed times are essential data for production planning and the production order.
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Figure 1.9 above shows the determination of occupancy times for the equipment and Figure 1.10 below shows the determination of allowed times and work order times for manual activities according to REFA.
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In addition to the REFA system for determining allowed times, there are other methods for determining the time load of work processes. One such is the Work Factor method (WF) system of predetermined times in which allowed times are determined by adding analyzed motion sequences, in order to establish allowed times by totaling individual motion elements (from the WF motion element catalogue) with assigned standardized time units. Another method for determining allowed times is the MTM method (Methods Time Measurement), which is also a system of predetermined times. Likewise, motion sequences are analyzed and broken down into individual motion elements. The times determined with the MTM method (with the TMU - Time Measurement Unit) correspond to the 100% performance of a skilled worker. The MTM method is also a system of predetermined times.










Quality

For the success of an industrial production, it is not only necessary that the suitable and economically optimal production processes are used. It is also necessary that the production result is defect-free and that the respective component meets the required quality is also necessary. In order to achieve this, the processes and machines in the production must be installed as systems that are capable of avoiding defects, detecting defects, and compensating for them as automatically as possible. In particular, mass production requires a continual safeguarding of the processes and process capability that is in alignment with the respective quality standards.


DIN EN ISO 9001
This standard is the internationally applied guideline for quality management.

Quality improvement
This is an essential goal of the production task. Quality deviations involve considerable costs.

According to DIN EN ISO 9001 (o. V. 2015), the following deﬁnition stands for the term quality: Quality is deﬁned as the degree of fulfillment of inherent (associated) characteristics to the requirement. Quality thus indicates the extent to which a product (or service) meets the requirements. 

It is widely accepted that the installation of quality management systems (QMS) leads to an increase in productivity and, at the same time, to improved operational results within the scope of cost considerations and thus also to higher customer approval. Figure 1.11 below shows the positive results of quality improvement.
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The elimination of defects is typically associated with considerable costs since the manufacturer must remedy defects and assure warranted characteristics or provide replacements as outlined in its warranty obligations. Avoiding defects is an important requirement for the economic success of a company. Based on the Rule of 10 in quality management, Figure 1.12 below shows (in terms of one euro) how the costs of defects develop in later stages, depending on the stage at which they are discovered. The later defects are discovered, the higher the costs for their elimination (vgl. Schmid 2013, S. 354).


Rule of 10 in quality management  
This states the costs of eliminating a defect depending on the stage of discovery.






[image: Chart
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Therefore, it is absolutely essential for a company to maintain a quality management system, which ensures that a variety of quality assurance measures are taken and implemented in the early stages of development in order to avoid defects in the production processes or report defects automatically. According to Figure 1.12 above, it is necessary to ensure that defects are avoided in an early phase of product development. Methods such as FMEA (Failure Mode and Effects Analysis) are installed for this purpose. It is well known that the costs for rectification increase by a factor of 10 with each additional stage (vgl. Schmid 2013, S. 345). Expensive recalls are known from many areas of industry, particularly the automotive industry.

For these reasons, a company must have a functioning quality management system (QM), that provides all measures to ensure the quality of the products by monitoring both the production processes and the services. According to DIN ISO 9001, quality management is an essential core task of management. In many industries, regulations or laws require manufacturers of certain high-risk products to have a functioning quality management system, e.g., in the aerospace industry, the automotive industry, medical technology, and pharmaceutical industry, as well as food production.
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Another significant quality standard is ISO/TS 16949:2016 (vgl. Association of the Automotive Industry 2016a). In recent years, this standard has become firmly established as a global quality standard for large-scale production in the automotive industry. This standard has been adapted even more intensively to the international standards for the automotive industry and has been given the designation IATF16949 (International Automotive Task Force). In the future, IATF16949 will take even greater account of the structure and requirements of ISO 9001:2015 for mass production and will also include the special additional requirements specifically for the automotive industry. This has largely replaced older prevalent automotive standards such as VDA 6.1 (1996), EAQF (Evaluation d'Aptitude sur la Qualité pour les Fournissseurs, France), AVSQ (Associazione Nazionale Fra Industrie Automobilistiche, Italian Automotive Industry Network, Italy), QS-9000, etc. In the future, the new quality standard VDA Volume 6 (Association of the Automotive Industry 2016b) will be the German regulatory guideline for the automotive industry and is particularly aimed toward the OEMs and suppliers of German automobile manufacturers.

Alongside the IATF 16949, the VDA Volume 6 has been the current VDA Guideline for the certification of quality management systems in the automotive industry since 1996. In addition to the automobile manufacturers for cars, trucks, buses, etc., this current VDA 6 Guideline also applies to the manufacturers of assemblies and production materials as well as the suppliers to the automotive industry.

Production Management

In addition to the quality management systems, various production, planning, and control systems have become established in the area of production management systems in recent years (vgl. Gummersbach 2017, S. 223–246). This is where SAP’s supporting software systems play a significant role in the major industries. Considering today’s strong integration of suppliers and just-in-time production (delivery directly to the process without storage times) in the automotive industry and in aircraft manufacturing, production control systems are no longer conceivable without a complex data structure and integration of suppliers.

Furthermore, a change in thinking has also prevailed in industry in recent decades. This is particularly the case the automotive industry, in which the values of the groups involved, such as employees, suppliers and customers (see Figure 1.15 below), have been taken into account to a much greater extent than in the past. A part of this change was that the U.S. and Europe quickly recognized that Japanese managers had established the notably successful philosophy of the Toyota Production plant and Lean Management (vgl. Gorecki/Pautsch 2018, S. 17–25) in many areas of industry and services for their industries, particularly for the automotive industry and other mass production companies (see Figure 1.13 below). Today, both systems are also a component of modern production management systems in large and medium-sized industries in Asia, the USA, and Europe.

ISO/TS 16949:2016
This is the most significant quality standard for mass production in the automotive industry. The standard has been redrafted and is now called IATF 16949.















Production management systems
These are necessary to control the complex production and integrate the multitude of suppliers for just-in-time production.


Toyota Production plant
This places a much heavier emphasis on the involvement of the customer, employees, and quality in the production process.










Lean Management 
This philosophy has the goal of doing only what the customer values.

The Toyota Production plant (TPS) and the philosophy of Lean Management (lean production) were fundamentally applied in Japan with a consistent implementation and considerable economic success. In their basic precepts, the systems primarily take the high importance of the human factor of employees into account. Lean management is essentially based on the guiding principle that the only those servicesservices to be performed on a product, are those that the customer values and is willing to value and also to pay for should be performed on a product. The concept of lean management encompasses diverse principles, methods, and processes for the more efﬁcient design of the entire value chain within the production of industrial goods and the provision of services. 

The Toyota Production plant is an integrated, social, and technical philosophy for production and production management in industrial companies. Particularly in the automotive industry, theThe TPS is an organizational system for production and logistics, particularly in the automotive industry, but is now also being applied to many other industries. Taiichi Ohno and Eiji Toyoda, two Japanese production engineers, developed the system between 1948 and 1975. Toyota’s founder, Sakichi Toyoda, and his son, Kiichiro Toyoda then further developed the system further (vgl. Gorecki/Pautsch 2018, S. 9–16). This particularly specifically involved deﬁning the concept of waste in more detail and establishing rules for reducing the seven types of waste. TSpecifically, these are:

· overproduction,
· inventory,
· transport and walking routes,
· laborious processing,
· laborious motions,
· waiting times, and
· reworking.

An eighth type of waste is now also defined as the unused talent of employees. The Japanese initiators recognized that the success of a company and the improvement of its processes could only be realized through well-trained employees.

The reduction of waste types is also reflected in the principles of lean management, which is now established in many sectors of industry and services (Figure 1.13 below). Lean management emerged as an inspired result of the development of the Toyota Production plant.
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The following important essential principles are applied in lean management:

· only improve what the customer values in the product,
· focus on your own strengths,
· involve employees in continuous improvement processes (CIP),
· build personal responsibility, team spirit and teamwork,
· ensure autonomy and self-determination of employees,
· build a leadership culture,
· continued training of employees,
· provide a clear and open information policy toward the workforce,
· discuss withion and involveement of employees in change processes, and
· establish a cultural change to social structures in the company.

The main success of the Toyota Production plant lies in the implementation of the principles mentioned in Figure 1.14 below. Alongside these principles, the areas directly below hold the greatest importance (see Figure 1.15 below):






· customer orientation,
· employee orientation,
· process orientation,
· orientation toward standards,
· quality orientation, 
· competitive orientation, and
· customer-supplier concepts.
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The Kaizen system (vgl. Gorecki/Pautsch 2018, S. 30–42) aims forat learning from mistakes. The Kaizen philosophy includes the statement: “Mistakes are an opportunity to improve.” The Kaizen process, as also presented previously, refers to the main objectives of the company’s processes.
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Production costs

To consider the competitiveness and determine the price of a product, it is essential to know the production costs for the materials and production of a product. The systematics of cost accounting include which ACTUAL costs (cost element) have been incurred on a product, where they have been incurred in the company (cost center), and for which product they have been incurred (cost unit).
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For this purpose, the planned costs are already considered with their cost element in the planning stage within the scope of a cost estimate. Next, the respective costs are distributed to the various cost centers and cost units (products, orders, etc.). The result (profit or loss) can be determined by comparing production costs with sales revenues for a product or service.

Cost and performance accounting are therefore an essential area areas of operational accounting. This makes it possible to record operational proceedings within the scope of production and compare them with the planned costs of the cost calculation. The most important tasks of cost and performance accounting are:

· recording costs and services of a billing period,
· determining production costs and cost of goods sold for a component or unit of activity,
· valuation of unfinished and finished goods for inventory purposes,
· creating calculations (target costs),
· preparing data for statistics and planning,
· providing a basis for decision-making,
· determining the economic efficiency of processes in production, and
· controlling and monitoring costs.

Figure 1.17 below shows the typical structure of a product calculation (vgl. Gummersbach 2017, S. 397–398).
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Overall, production costs are incurred through the processing of raw materials, operating consumables, and operating supplies, as well as through via the manual activity of a worker or through machine work on the basis of machinery sets. Production costs consist of direct production costs (e.g., production wages), flat-rate production overheads (e.g., operating consumables, energy costs, etc.), and specific direct production costs (jigs and tools, external processing, etc.).
The cost accounting of unfinished and finished products is a necessary and important process in times of strong international competition. It serves as information for the planning of costs and revenues in a company.

1.2 Historical Development of Manufacturing
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The processing of materials, now referred to as manufacturing technology, has a long history that dates back to the Stone Age (Paleolithic).
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Stone Age (up to approx. 3,000 BC)


Stone Age The manufacture and production of
tools already held great significance in the Stone Age.


Bronze Age            
The first metals were processed in the Bronze Age.





Iron Age               In the Iron Age, the more complex processing of iron materials as well as the production of tools and
weapons was established

People began processing materials in the early Stone Age (Paleolithic, around 3 million years ago). The use of stone tools for processing materials (wood, skins, bones, etc.) from this time is well-known. By definition, the Stone Age begins with the first use of stone tools made by humans. In this sense, the tools were useful objects that made it possible for humans to process a wide variety of materials that were further crafted.

Bronze Age (3,000 – 1,000 BC) 

The Bronze Age prevailed in Europe in the period from around 3,000 to 1,000 BC. The usefulness of bronze for jewelry, tools, and weapons was recognized during this time. The culture of craftsmanship developed considerably with this knowledge, particularly in the regions where bronze was found. Along with advances in agriculture and livestock breeding during this time, the first foundations of craftsmanship emerged with the use of bronze.

Iron Age (1000 BC to 0)

The Iron Age followed the Bronze Age. The advantage of iron from that point in history was that iron is harder than the metals previously used, such as bronze, and that the deposits of iron ores were significantly larger than any other metals known so far. The use of iron made it possible to replace previously established tools and implements for agriculture. In particular, the invention of agricultural implements made of iron, such as the scythe, plowshare, etc., led to a considerable improvement in agriculture.

Middle Ages (500–1500)

In European history, the Middle Ages refer to the period between the end of the Age of Antiquity and the beginning of the Modern Age. There were still no industrial structures in the Middle Ages. The production services for agriculture and handicrafts were provided by agricultural workers and craftsmen. Commerce also began to gain an increasing importance. The economy was dominated by fiefdoms (use and fee) and feudalism. A large share of the population, around 90%, lived in rural areas outside towns and worked in agriculture.
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Early Modern Age (1500–1700)

In the Early Modern Age from around 1500, the development of larger series production led to the establishment of the first pre-industrial structures and the economic system was deeply changed. This was followed by the allocation of work as an initial step toward industrial production. In this process, complex products were manufactured in an allocation of work by several specialists. It was here that the concept of quality also gained significance for the first time.

In the 18th century, guild rights disappeared and freedom of trade was introduced. The first factories were built at the same time and the textile industry began to work with steam-powered looms. This deprived the craftsmen and the guilds of their foundation, which led to economic difficulties for them.


Industrial Age (from approx. 1750)


The beginning of the Industrial Age is viewed as a societally and socially profound transformation and is referred to as the industrial revolution. The basic economic and social conditions of society were significantly altered through the changes in working and living conditions. Particularly from the second half of the 18th century and in the first half of the 19th century, considerable upheavals took place that were shaped by developments in technology, production, and automation. These revolutionary changes were concentrated in Western Europe and the USA. Capitalist entrepreneurs and wage-dependent proletarians directly opposed each other during these new and transformative circumstances in society. The developing industries primarily settled in the cities. This was accompanied by an extreme migration of the rural population into these urban hubs. Industry was soon joined by commerce, banking, and insurance in the big cities, which also changed their structures considerably.

The main industrial innovations relating to production include the invention of the following systems:

· steam engine,
· mechanical loom,
· mechanical spinning frame,
· assembly line work,
· automation and information technology, and
· cyber-physical systems.

Figure 1.18 below shows the stages of development from Industry 1.0 to 4.0 (vgl. Spath 2013).

Industrial Age 
The Industrial Age saw significant upheavals with the advent of steam machines, spinning frames, and looms.
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Machine Age 
This began with the steam engine and the use of hydropower.

Industry 1.0
With its ingenious inventions, the dawn of the Machine Age led to the replacement of human labor with mechanization. As steam engines were used to power production machines, people were replaced as workers.

The beginning of industrialization was characterized by the transformation of labor through the replacement of human power with mechanically driven machines (spinning frames, looms, etc.) and the beginning of mass production.

The first mass productions using machines began around 1800. Until then, machines such as looms were still driven by human power. The first mechanical systems powered by energy sources, such as water or steam power, were built. The first industrial revolution began in the second half of the 18th century. It was marked by many significant and forward-looking inventions and innovations.
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Industry 2.0
The second industrial revolution began at the end of the 19th century. It essentially included the use of electricity for drive machines. This made it possible to automate work even more consistently. At the same time, the invention of the telephone and telegram considerably accelerated the processing and distribution of information. Another milestone in Industry 2.0 was the introduction of the assembly line in 1913 by Henry Ford. This marked the first time assembly line work was used within the scope of automobile manufacturing.

Industry 3.0
An essential milestone of this era was the development and use of the first computing machines during the years around 1940. Increasingly more productive computers were developed in the following years and their triumphant advancement began. Information technology with computers then achieved its global breakthrough with the PC (personal computer) around 1970. This made it possible to implement new types of processing and control systems. Likewise, the automation of production technology in production plants, as well as production planning and control were advanced considerably.

Industry 4.0
The widespread introduction of the Internet (most notably, the Internet of Things) allowed digitization, and particularly the networking of computers and machines, to advance in the 21st century. Traditional industries have been further digitized and networked in terms of information technology. Increasingly complex networks are designed with the help of the Internet.

In Industry 4.0, however, the central technology is the Internet rather than the computer. Workpieces and means of production are digitally connected and capable of communicating with each other. This makes it possible to manufacture customized products under the conditions of mass production.

The rapid progress in information processing during the 20th century is particularly regarded as the beginning of the fourth industrial revolution. Thus, the most important driver for the Industry 4.0 phase is increasing digitization. In many instances, this phase is also referred to as the digital revolution.

Industry 4.0 is having an enormous impact on the world of production and work in the global age. IT and manufacturing technology are merging in the factories of the future. Digital networking makes it possible to coordinate machines with each other, save time and resources, and economically produce individual specifications, even in small quantities.


Assembly line work
The advent of industrial work organization marked the beginning of assembly line work the Industrial Age.	Comment by Translator: Translator:  industrial work organization is not mentioned in the body of this paragraph or in the section as a whole.

Computing machines The development of the computing machines ushered in the age of computers.



Internet of Things This development launched a new era of networking systems and machines.












Networking
The development of cyber-physical systems marked the beginning of overall networking of systems via the Internet and the intensive exchange of data and services.










1.3 The Discussion regarding Long Tail



Pareto Principle 
80% of the results (effect) are achieved with 20% of the products (cause).









Long Tail 
This describes products with low quantities that usually cannot be produced economically, but whose quantities can be increased through trade via the Internet.

A manufacturer’s products normally follow the Pareto Rule (Pareto Principle, according to Vilfredo Pareto, 1848–1923), also called the Pareto Effect or the 80–20 Rule. This rule means that a normal company achieves approx. 80% of its economic result with only approx. 20% of the total expenditure for the product groups and in contrast, the remaining product groups require approx. 80% of the expenditure, but only contribute approx. 20% to the result. Thus, the Pareto ratio describes a statistical phenomenon of cause and effect that conforms to the 80–20 Rule. The Pareto Rule thus also justifies the common approach in business administration and technology regarding the widely used ABC Analysis. Figure 1.19 below shows this typical phenomenon.

Putting this phenomenon into the practice means that with mass products, the key operational figures are favorable in general consideration of the relationship between expenditure and revenue. This is because the production costs are usually low due to the quantities and the degree of automation and also, only low inventory and capital commitment costs accumulate. The situation is different for what are known as niche products in the Long Tail sector (see Figure 1.19 below). Due to the small quantities involved in niche products and the low sales volumes, investments to increase automation and therefore reduce production costs are generally not cost-effective, so these products can often only be economically produced in individual or small batch production. However, if the quantities per time unit can be increased through distribution on the Internet and on online trading platforms, such niche products can also be manufactured economically under more favorable conditions. In particular, the chances of achieving economically favorable parameters are higher in the case of highly automated individual and small batch production. This is particularly the case when considering production plants, such as 3D printing systems, which work with additive processes by generating form elements and whose fully automated production processes are also feasible for individual production. At the same time, additive processes do not incur one-time costs (e.g., for tools, jigs, etc.).

Thus, the Long Tail theory primarily focuses on niche products where additive processes, e.g., 3D printing systems with their automated production processes for individual and small batch production, can also be used to economically manufacture the low-quantity product groups. Cost-effective production on an on-demand basis is the motto here.

Niche products can be successful internationally when positioned in conjunction with Internet sales channels, which have considerably lower costs than direct sales by sales personnel. As a result, they can be marketed on a basis that would not be economically feasible with conventional organizational models. This situation also represents a major challenge for manufacturing technology.
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This is because, in contrast to the production of products using conventional manufacturing systems, such products can now also be economically produced on 3D printing systems.

The Long Tail theory is based on the assumption that, due to the possibilities offered by the Internet, niche products in particular can be important to the economic success of a company. While Malcom Gladwell originated the Long Tail theory, Chris Anderson, a U.S. journalist with Wired Magazine, made a significant contribution to the popularity of this theory (vgl. Anderson 2007, S. 17–30).

Gladwell predicts that the significance of mass markets will decrease as a result of the Internet, while niche products will be in greater demand. He justifies this by pointing out that a large number of products can be sold on the Internet with low costs in terms of marketing, distribution, and production, since this can be carried out globally by a large number of suppliers. Long Tail niche products therefore hold considerable significance in this context, which means that they can absolutely compete with mass-produced products.

The expression Long Tail Effect (see Figure 1.19 below) takes its name from the characteristic curve associated with economic success. This curve shows above-average values in the left-hand area, since this is where the “bestsellers” of the sales strategy are to be found. The niche products with small unit numbers are to be found in the right-hand part of the curve. According to Gladwell, the shape of the curve resembles a “Long Tail”.
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Summary
The Introduction to Manufacturing Technology explains the most important terms and framework conditions and provides relevant background information on the basic concepts and relationships. The areas of materials and requirements for materials are discussed in detail here. The concepts and results of relationships between quantity performance and flexibility as well as degree of automation are introduced in the context of manufacturing processes. The relationship between flexibility and degree of automation is discussed in particular connection with quantity performance. 
Furthermore, the topics of quality management, production management, and production costs are discussed. In the context of production management, the Japanese production strategies known as Lean Management and the Toyota Production System are also briefly described.

In addition, the historical development of manufacturing from the Stone Age to the Early Modern Age and up to the Industrial Age is described and the stages of development from Industry 1.0 to Industry 4.0 are additionally presented.

This is followed by a description of the Long Tail theory. This consideration includes the issues of products in the area of small batch and individual production.
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STUDY GOALS

After completing this unit, students will know ...

... which manufacturing processes are significant in conventional production.
... which manufacturing processes are suitable for production when considering the materials to be processed.
... which manufacturing processes are best suited to particular series sizes.
... which near-net-shape manufacturing processes are available.
... which accuracy and which productivity can be achieved through various manufacturing processes.











2. Main Manufacturing Groups according to DIN 8580


Introduction
A variety of alternative manufacturing processes can be used to produce shaped bodies with speciﬁc geometries and properties from metals, composites, or plastics. First, this depends on the property changes caused by the manufacturing process. These include, e.g., the static and dynamic strength, the surface accuracy (dimensional, form, and positional deviations), as well as the surface structure (including proﬁle overlap, roughness, etc.). Likewise, other properties associated with the manufacturing process also have a significant influence, e.g., fatigue strength (vgl. Fritz 2018, S. 1–6).

The manufacturing processes can affect the dimensional, form, and positional accuracy as well as the surface structure to varying degrees. The extent to which the respective manufacturing processes are suitable for producing near-net-shape surfaces must be examined. The aim is to create usable surfaces with only one manufacturing process. Alongside this, the necessity for additional manufacturing processes must also be clarified (vgl. Martin 2013, S. 172).

Within the classification of manufacturing processes according to DIN 8580 (vgl. o. V. 2003), a distinction is made between the main groups of primary shaping, forming, separating, joining, coating, and changing of material properties. Also according to DIN 8580, the main manufacturing processes for the production of shaped bodies are essentially primary shaping (casting, sintering), forming (rolling, deep-drawing, stretch forming, forging, extrusion, etc.), and separating (machining, removal).

However, the manufacturing processes mentioned above produce form elements and surfaces with different accuracies and surface qualities. For each individual production task, a decision must be made as to which manufacturing process is suitable for the required accuracy and surface quality.
44
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Main Manufacturing Groups according to DIN 8580
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Figure 2.1 above shows the classification of manufacturing processes according to DIN 8580 and the main manufacturing processes relevant to machine manufacturing, automobile manufacturing, and aircraft manufacturing.

In addition to dimensional, positional, and form accuracy, as well as surface quality, the economic efficiency of production naturally plays an essential role. Compared to the automotive industry with its large quantities of mass production, aircraft manufacturing and frequently also machine manufacturing generally involve individual production or only small batches. In terms of economic efficiency, this requires manufacturing systems that are as highly automated as possible, but also highly ﬂexible, in order to be able to manufacture a large number of very different geometries on one system. In recent years, it has been necessary to develop appropriate machine concepts that meet these requirements (vgl. Fritz 2018).

Manufacturing processes according to DIN 8580	Comment by Translator: Translator: The DIN 8580:2003-09 Standard referred to throughout the Course Book was adopted in 2003. A revised version, DIN 85802020-01 is currently in Draft status. https://www.beuth.de/en/272130!search?alx.searchType=complex&searchAreaId=1&query=8580&facets%5B276624%5D=&hitsPerPage=10
The classification of manufacturing processes according to DIN 8580 has become fully accepted in practice.










2.1 Primary Shaping


Primary shaping
This is the production of solid 
bodies from a gaseous, liquid, or solid state.

 According to the DIN 8580 standard, the manufacturing processes under the main group of primary shaping include the process of producing a solid body from a formless material by creating cohesion. In this context, gases, liquids, powders, fibers, etc., are regarded as formless materials.

The most common processes for producing solid bodies by primary shaping are shown in Figure 2.2 below (DIN 8580). In detail, these are the manufacturing processes for creating cohesion

· from the liquid or pasty state (casting of metallic and polymeric workpieces),
· from the solid, granular, or powdery state of metals (powder metallurgy: extrusion and sintering), as well as
· from additive manufacturing processes (layer upon layer construction of components with almost any geometry and metallic and polymer materials).

In practice, most components from this main group are made from metallic materials with the help of casting technology (vgl. Klocke 2018, S. 3–36). However, the processing of plastics also has great significance.

In many industries, casting technology is still an important production process today, e.g., in the automotive industry. Sintering is less significant overall, but it can be used to produce components whose materials are immiscible in the liquid state (so-called pseudo-alloys) and materials with combinations of metals and non-metals.

Also of particular note here are the additive manufacturing processes, which also belong to this main group, but are currently still in the early phases of their development and are typically only used to generate models and prototypes. Nevertheless, these processes are already capable of replacing conventional manufacturing processes for various applications.
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It is not possible to cover all the processes in this main group within the scope of this presentation. For this reason, discussion will be limited to the most significant processes, such as the casting of metals and the primary shaping of plastics. This section focuses on the production of shaped bodies from metals using casting technology, and on the production of shaped bodies from plastics.

Casting Technology (metallic materials)



Casting technology 
This is used to create shaped bodies by casting molten metal into suitable negative molds.

 The manufacturing process, casting technology, involves the casting of metallic materials during which shaped bodies can be integrally produced. Metals (e.g., alloys based on iron, aluminum, copper, zinc, or tin), ceramics, and plastics are used as casting materials (vgl. Klocke 2018, S. 3–36).

According to the classification of manufacturing processes, casting is a primary shaping process. In casting, a solid body with a specific shape is created from liquid material, such as metal, after solidification. Workpieces are generally cast whenever their production using other manufacturing processes is uneconomical or impossible. Casting processes are particularly suitable for the mass production of components. However, problems can arise due to the properties of the components that result from the solidification processes, e.g., shrinkage, blowholes, crystallization. In the case of special property requirements for strength, casting processes typically only offer limited application. A particular advantage of the process is that cavities inside the casting can be easily produced with the aid of a core. However, necessary preceding steps in casting technology are pattern and mold making. The costs for pattern and mold making are comparatively high, but they are relativized by the number of cast components poured (vgl. Fritz 2018, S. 7–25).

Today, a wide variety of cast parts are used in various sectors such as machinery and systems manufacturing, automobile manufacturing, and aircraft manufacturing.



Main Manufacturing Groups according to DIN 8580





[image: ]


Figure 2.3 above shows an overview of the most significant casting processes. A distinction is made between processes using lost molds and reusable molds. These processes are further distinguished between those using lost patterns and reusable patterns. Accordingly, lost molds and lost patterns are elements made of sand, plaster, wax, etc. that are destroyed during the casting process or during demolding of the component. In contrast, reusable molds or reusable patterns are elements made of metal, plastic, or wood that can also be reused (vgl. Behmel et al. 2019, S. 29–58). 

Depending on the casting temperature, contour, and mass of the casting, the molds are subjected to specific high thermal and mechanical stresses that can induce changes in the form and dimensions. This must be proactively taken into account in molding and casting technology and in pattern making by enlarging the patterns. In the manufacture of casting patterns and metallic casting molds, the speciﬁc shrinkage of the intended casting material must also be considered. Shrinkage occurs when cooling from the solidification temperature to room temperature.


Lost molds and reusable molds
Lost molds and reusable molds as well as lost patterns and reusable patterns are distinguished between based on the mold materials and the pattern materials.









The material properties of the cast parts depend on the chemical composition of the molten mass as well as on the microstructure yielded in the solid state. The resulting microstructure depends on the cooling rate and the conditions for nucleation and crystal growth that exist during solidification. Different cooling rates within a single workpiece can result depending on the form, particularly the wall thicknesses. In order to render a homogeneous cast structure with the best possible mechanical properties, directional solidification in the mold to the sprue and to the riser, the place where final solidification occurs, must be ensured. In practice, this is achieved by a number of additional solidification control measures, such as forced cooling, suitable gate and sprue techniques, and heating of mold sections.

In connection with this, it is of great importance that the casting design is appropriately orientated toward the cast part. Particular care must be taken to avoid areas with large material accumulations, strong deviations in wall thicknesses and sharp corners and edges, as well as contours where stresses can occur during solidification. Thus, it is necessary for the component designer and the foundry specialist to work closely together in advance (vgl. Fritz 2018, S. 95–100).




Sand casting 
This is the oldest casting process, but still significant today.

Casting technology processes can be differentiated according to the molding materials, the pattern equipment, the casting method, and the mold making. One of the oldest, but still the most significant, casting methods is sand casting, in which a pattern is molded into the sand of the molding box (upper and lower box halves). To make the molding boxes, sand cores are inserted in the casting to render cavities. The molding box halves are joined and closed after the pattern is removed. The liquid metal is poured into the mold and removed after solidification. Figure 2.4 below shows the individual steps of the sand casting process.
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Another important casting technology process, which is also used extensively in machine manufacturing, automobile manufacturing, and aircraft manufacturing, is investment casting. This process for producing cast parts allows even the smallest components to be manufactured with high precision and little need for reworking. The cast parts in investment casting are produced using the lost wax process. The cast parts are characterized by great detail and high dimensional accuracy, as well as a high surface quality, which generally means that the surfaces do not require further processing.










Investment casting 
This is a precision casting process with high demands on accuracy and surface quality. It is therefore widely used in the automotive and aircraft industries.












Problems with casting technology
The problems should not be underestimated. There are various influencing factors here that can affect the quality of the cast part.

In this process, the pattern is first created from suitable wax (usually) by injection molding. Patterns can also be created using rapid prototyping. These are always lost patterns made of pattern materials that can be gasified or melted. 

In the next step, the wax patterns are brought together into what is known as pattern clusters using the casting system. This pattern cluster is then dipped in a ceramic slurry several times and then sanded. The mold is then fired to achieve the necessary stability for casting. The wax patterns melt out in the process. The fired molds can then be directly filled with a casting material. After solidification and demolding, the necessary reworking is carried out by buffing, grinding, and blasting, as well as heat treatment and the necessary testing of the cast parts.

Cast parts with a weight from 0.01 kg up to several hundred kg can be cast using this process. The linear tolerances are approximately ±0.4 to ±0.7% of the nominal dimension. Steels and alloys based on iron, aluminum, titanium, brass, etc. can be cast with high precision. An important advantage of the process is that the cast parts usually require little reworking and are ready for installation. The more complex the geometry of the component, the more economical production using investment casting is.

The problems with casting technology (vgl. Behmel et al. 2019, S. 58–74) lie in the areas of:

· flow and mold filling (filling of the mold with the molten mass; molten mass cools when flowing through the mold),
· solidification shrinkage (liquid to solid transition leads to negative volume difference),
· solid shrinkage (shrinkage in the solid state after solidification, negative length expansion in relation to the temperature during cooling, compensation by enlarging the model),
· hot cracking tendency (during cooling processes, slow cooling is therefore preferred),
· gas absorption (gases are absorbed by liquids, including molten metals),
· penetration of the molding material (particularly with sand molds, destruction of the geometry by broken off sand), and
· segregations (substance inhomogeneities, e.g., lighter substances rising, heavier substances falling in the molten mass, e.g., phosphorus, sulfur, etc.).

[bookmark: _Hlk98751440]Figure 2.5 below shows the cockpit structure of the Boeing 777 as an investment casting. Figure 2.6 also below shows the changes in the transition from a differential to an integral component. The differential component is made up of many individual parts that must be joined together. An integral component is a homogeneous component made from a single piece. The switch from a differential component made of sheet metal to a single cast component led to a reduction in the number of parts from 296 to 64. The assembly time was reduced from 189 h to 20 h. The production costs were reduced by almost 50% (vgl. Martin 2013, S. 173).
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	Figure 2.6: Change in the Boeing 767/777 Production Method using a Sheet Metal Construction and Savings through Casting	Comment by Johnson, Lila: Please recreate any (editable) tables, such as this one, in the translated document.

	Investment Casting Boeing 767
	Sheet Metal Construction
	Investment Casting

	Concept
	296 parts
	11 Cast parts
53 Individual parts

	Weight reduction
	
	2,240 kg

	Number of tools
	100%
	10%

	Assembly time (h)
	189 h
	20 h (–89%)

	Rivet reduction
	
	600 rivets

	Total cost
	100%
	50%

	Source: TITAL GmbH





Cockpit structure This example of a cockpit structure as an investment casting demonstrates
that casting technology can significantly reduce the number of individual parts and the assembly time.

The use of casting technology has decreased in significance in recent decades since, in many cases, components are manufactured by competing processes such as machining or welding technologies. Nevertheless, in the case of large components and complex geometries in mechanical engineering (cast housings for motors, gearboxes, turbines, etc. made of steel or aluminum) or, e.g., engine or transmission housings and rims made of aluminum in automobile manufacturing, it is not easy or at best, very difficult to replace them with other processes that are also suitable for large-scale or mass production. 

Sintering Technology (powder metallurgy)


Sintering technology Compared to casting technology, sintering technology has several advantages, since the material does not enter the liquid state and the problems of solidification and crystal formation therefore do not arise.

Sintering technology is a process for the production of metallic shaped bodies from metal powders with a particle size of approx. 0.1–1.0 mm. However, sintering is a manufacturing process in which the melting temperature of the base metal is not reached. The metallic powder particles remain in their solid state. It is also possible to mix powder particles of different metallic components with each other in their solid state that, for example, cannot be alloyed in the molten mass state. Nevertheless, they can be mixed with each other in the solid state. These are then referred to as pseudo-alloys. They are not alloyed, but simply mixed metallic powders. This makes it possible to combine the properties of two materials without forming a true alloy. The metallic powders are poured into a mold and pressed under high pressures (until close to the yield point). What is known as a green compact is formed, which is then sintered at high temperatures (diffusion process to produce strength). The pore space can be varied by the mold pressures (approx. 50-99% volume filling). This allows the density and weight to be reduced. The sintered parts have similar properties compared to cast components when high volume filling is applied (vgl. Fritz 2018, S. 104–113).

A large number of suitable components are manufactured using sintering technology in the areas of motors, gearboxes, drive engineering, mechanical control systems, etc. production.

Primary Shaping of Plastics

Plastics processing includes, e.g., the production of proﬁles, shaped bodies, and films. The base material is usually plastic granules. Overall, the traditional processes such as primary shaping (injection molding, extrusion, etc.), forming (rolling, deep-drawing, etc.), separating (machining), and similar are used to produce shaped bodies.

The injection molding process for production of molded parts and the extrusion process for production of proﬁles are currently ﬁnding widespread use within the scope of primary shaping of plastics from formless materials. Thermoplastics are generally used in this process. Only the more complex processes are available for processing of Duroplasts, since the plastics must be processed in the liquid state with curing agents (hardening agents) mixed in. The reactions of these curing agents therefore begin during the production process.	Comment by Translator: Translator: Duroplast is a common & German trademarked thermosetting plastic. Consider using the broader EN term, thermoset.

The following processes for plastics processing will be briefly explained. The injection molding process is the most commonly used process.
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Extrusion and Injection Molding
In extrusion and injection molding, the plastic is drawn in as granules and heated in an extruder (plasticizing unit) until it is melted. Then, the injection unit injects the liquid plastic into the mold. The plastic cools in the mold and solidifies. With injection molding, the split mold is opened after solidification and the component is ejected. With this process, complicated shaped bodies can be produced very quickly and in high quantities using full automation. One disadvantage is the high unit costs for the molds (vgl. Fritsche et al. 2014, S. 313–325).


The extrusion of proﬁles is a widely used manufacturing process. Figure 2.7 below shows a system for the plastic injection molding process of shaped bodies.

Injection molding can be used to produce shaped bodies with high precision for a large number of applications, this particularly includes aircraft manufacturing. The surface of the component can be selected with almost no restrictions. A wide variety of surface structures can be produced, e.g., smooth surfaces for optical applications, grained for contact-friendly areas, prototypes, and engravings.

[image: ]The injection molding process is generally only economical for larger quantities, since the costs for producing the molds are substantial. The molds can be used for the production of up to several million parts.

Extrusion
This is a process in which plastic proﬁles are produced. The liquid plastic is pressed through a mold under high pressure.

Injection molding
This is a process in which shaped bodies are produced from plastic. The liquid plastic is pressed through a mold under high pressure.









Deep-drawing Plastics
Shaped bodies made of plastics, particularly thermoplastics, are also produced using forming processes such as deep-drawing. The plastics can be softened by heating and then formed into a new shape with low forming force. This shape is retained after cooling. For example, this effect is used in thermoforming in industry. 


Semi-finished products These are prefabricated proﬁles, sheets
etc.





Fiber composite parts
made of CFRP 
These are now used in lightweight construction, particularly aircraft manufacturing.




Primary structure 
The share of CFRP composites used in the primary structure of a commercial aircraft has increased significantly in recent years.


Calendering
In calendering, sheet materials are formed using rolling. Sheets, panels etc. are produced. Calendering is widely used for the production of semi-finished plastic products.

Blow Molding
The blow molding process is used for the production of hollow shaped bodies, such as bottles, containers, etc. First, a thermoplastic preform is produced, which is then inflated in a mold. The internal pressure of the air causes it to conform to the internal shape of the mold. It retains this shape when it solidifies.

Plastic Composite Components
The use of composite components, such as fiber-reinforced components made of CFRP (carbon fiber-reinforced plastics), has increased in recent years in automobile and aircraft manufacturing. In both automobile and aircraft manufacturing, CFRP materials are used in body construction and primary structures. However, it must be noted here that the level of use in both areas is still very small compared to conventional design methods (automobile sheet steel, aircraft sheet aluminum). Currently, the majority of aircraft (older designs such as Boeing 737, 777 and 747–8 as well as the Airbus A320 family and A330) are still built using aluminum. The situation is the same with automobile manufacturing. Here, only a few particularly exclusive automobiles (Bugatti Veyron, Mercedes SLR, etc.) are currently built using CFRP. The prices are many times higher than for a conventional automobile made of steel. In recent aircraft developments, the share of composite components in the total mass of the primary structure has reached a significant level. For example, this amounts to more than 50% in the Airbus A350 and the Boeing 787 (see Figure 2.9 below). Figure 2.8 below shows the progression of the share of composites in the primary structure of Airbus aircraft (vgl. Martin 2013, S. 176). However, the large number of commercial aircraft were developed many years ago and will likely continue to be built in this way for many years to come (approx. > 95% of current aircraft production still uses aluminum). The situation is the same in automobile manufacturing. Here, too, more than 99% of automobiles (passenger cars) are still built using steel or light metals.



Main Manufacturing Groups according to DIN 8580





[image: ]










[image: ]

Layered composites and fiber composites are used as composite components in aircraft manufacturing.



GLARE layered composite 
This material made of aluminum and GFRP is also widely used today in lightweight construction, particularly aircraft manufacturing.

Layered composites
Components made of layered composites, such as the GLARE layered composite (Glass Laminated Aluminum Reinforced Epoxy), are currently being used on a large scale in the A380 aircraft as panelling (aircraft skin). Likewise, variety of components for the Airbus A380 are currently being manufactured using GLARE. These are fuselage panels, leading edges of the wings, and tail units with a total surface area of approx. 500 m2 per aircraft.

GLARE consists of several layers (approx. 3–5 layers) of only approx. 0.3 mm thin aluminum sheets and layers of adhesive and glass fiber films (GFRP – glass fiber-reinforced plastics) in between. The placement of the glass fiber mats allows for the optimization of mechanical properties, such as strength in different directions of the laminate.
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The composition of the GLARE materials can be described as follows: The aluminum sheets are processed in approx. 1.5 m wide rolls. They are first unwound and cut to size. The cut aluminum sheets can be up to 11 m long. The sheets are then anodized to protect them against corrosion. To finish, the primers for the adhesive are applied. Extremely high standards for purity apply here.


Fiber composites
The fiber composites consist of a matrix material (epoxy resin or Duroplasts) and a fiber material (glass or carbon ﬁber) as reinforcing materials. Various manufacturing processes are currently used to produce components made of fiber composites for aircraft manufacturing and automotive engineering.

Weight reductions of up to approx. 30% and cost reductions of approx. 40% can be achieved compared to lightweight metallic structures with these existing manufacturing technologies.

The lightweight potential of fiber composites goes far beyond that of metallic materials, both in terms of rigidity and strength, as well as damping, energy absorption capacity, and vibration resistance. However, the full potential of fiber composites can only be utilized if the placement of the fibers in the component is appropriate to the load. The prerequisite for weight-optimized, high-performance composites is a fiber volume content of 60% that is as homogeneous as possible. Among other reasons, the currently still very limited use of fiber composites in many areas stems from the fact that no cost-efﬁcient manufacturing processes are currently available for high-performance fiber composites (vgl. Hermann/Pabsch/Kleineberg 2000, S. 3).

Process techniques have already become established in aircraft and automobile manufacturing, such as the PREPREG method (PREPREG is a pre-impregnated plastic material as a composite with incorporated glass or carbon fibers and a mixed-in curing system). The component is first constructed and molded and then cured in an autoclave at high temperatures. Duroplasts with pre-impregnated fiber layers are manually constructed or automatically produced using tape laying machines or robots and then cured in the autoclave. The construction process is generally very labor-intensive and time-consuming and can only be automated to a limited extent. The method requires expensive semi-finished products as pre-impregnated mats (PREPREG).

The CFRP manufacturing processes shown in Figure 2.10 below are used to build CFRP components with Duroplast and thermoplastic matrices.



Fiber composites
These consist of a plastic matrix and reinforcing materials (fiber).










CFRP components
These can be produced with wet (pre-impregnated PREPREGs, CFRP fibers and Duroplast as a matrix) and dry layers (CFRP non-woven fabrics and a subsequent resin injection). 



[image: ]
From the point of view of manufacturing technology, a distinction must be made 
between how matrixes (plastics, e.g., epoxy resins) and carbon fiber are brought together.

PREPREG technology (wet technology) uses, among others, non-woven fabrics, mats, and woven fabrics as semi-finished products. These semi-finished products are coated or pre-impregnated with the plastic matrix. In contrast, textile technology is a dry technology. Dry semi-finished products are used, or the fibrous woven fabric is first formed into PREFORMS using textile joining technology. Next, the dry fibrous non-woven fabrics are laid and then the matrix and the fibers are brought together through a resin injection of the matrix or through vacuum infusion (vgl. Martin 2013, S. 187f.).
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2.2 Forming Technology
Forming technology is based on the permanent plastic deformability of materials. Forming includes all processes in which metals or thermoplastics are specifically and plastically transformed into a different deﬁned geometry. Figure 2.11 below shows the classification of the processes.

PREPREG technology	Comment by Translator: Translator:  This side bar belongs on the left-hand side of the preceding page.
PREPREG technology and textile technology differ in their base material (wet non-woven fabrics pre-impregnated with resin or dry non-woven fabrics with subsequent resin injection). 

Forming technology
This is a significant manufacturing process, particularly in automobile and aircraft manufacturing.
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[image: ]Forming technology (plastic forming) offers a wide range of manufacturing processes for the permanent deformation of metallic materials. These manufacturing processes always require that the material enters the plastic range and can be permanently deformed. For this purpose, a stress that exceeds the flow stress (yield stress) of the material must always be applied. Materials usually exhibit hardening during forming, which means that the stress required for forming increases significantly (vgl. Fritz 2018, S. 133–135.). Figure 2.12 below shows the most important forming processes.

Plastic forming
The plastic forming of metals is the basis for their permanent deformation. This occurs with a stress that exceeds the yield point.









Forming processes are used to a multifaceted extent in machine manufacturing, and also particularly in the automobile and aircraft manufacturing industries. Nevertheless, other industries also make extensive use of forming technology (vgl. Klocke 2017a).

Forming processes are also used to a comprehensive extent in the manufacture of semi-finished products, such as the rolling of proﬁles and pipes, extrusion, etc. These processes are usually hot forming processes.


Forming manufacturing processes
The most common processes are rolling, deep-drawing, extrusion, and forging. The forming process is carried out as hot or cold, depending on the material or extent of forming 














Drop forging 
This is a manufacturing process in which components that must meet the highest demands are produced for automobile and aircraft manufacturing 

Cold and hot forming processes are the forming processes used in the manufacture of shaped bodies. These include:

· rolling (cold forming for stringers, frames, panelling, etc.),
· deep-drawing and stretch forming (cold forming for body construction components, panelling, flaps, etc.),
· extrusion (cold forming: highly stressed components, engines, landing gear, etc.), and
· forging (hot forming: drop forging of undercarriage components, drive components, etc.). 

Forming technology utilizes the deformability of metallic materials (as well as plastics) beyond the yield point. It is well known that many materials (particularly metals) have a distinct deformation behavior. This means that the material can be plastically deformed beyond its Hooke’s linear range, up to the yield point. It should be noted that the deformability is not infinite. As the plastic deformation increases, so does the hardening of the material and, at the same time, the risk of cracking. It must be taken into account that once cracks have formed in the component, they cannot be healed. It is therefore particularly important to know the limits of plastic deformability for the respective material as precisely as possible.

In forming technology, a distinction is made between cold and hot forming processes. At higher temperatures (at least above the recrystallization temperature), the materials are generally much easier to form and recrystallization occurs simultaneously (and thus a reduction in hardening). Cold forming (at room temperature) requires much higher stresses than hot forming, but has the advantage of a considerable hardening the materials. In addition, forming technology distinguishes between sheet metal and solid forming.

Drop forging

Drop forging is a manufacturing process in which workpieces that must withstand the highest stresses are produced by plastic deformation at high temperatures (hot forming) using limiting tools. The main reason for this is the preservation of the fibers in the materials. These are displaced during the forming processes, but remain in the component. In contrast, these fibers are generally cut during machining processes. This leads to significant difference in the dynamic load capacity. 
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Forged components have a much higher load capacity compared to machined components due to the retention of the fibers.

Drop forging differs from open die forging in that the forged piece is almost completely encased by the closed die, the forging die. The engraving inserted into the forging die by the diemaker determines the form of the finished forged piece. Drop forging is mainly used for the production of safety-relevant parts, such as drive components and undercarriage components in aircraft manufacturing, as well as crankshafts, connection rods, cogs, or track rod ends in automobile manufacturing (vgl. Fritz 2018, S. 152–155).

The economic efficiency of drop forging requires large quantities since the costs for the production of a die tool are usually quite high and depend on the geometry of the component to be produced. The dies are produced by engraving or milling and/or by die-sinking EDMs with original molds in an oil bath (dielectric fluid) (vgl. Fritz 2018, S. 155–158).

Figure 2.13 below shows an example of several components that are manufactured using the closed die forging process. The associated tools consist of an upper and lower die. The dies are hammered together using forging hammers. The raw part in the die, which is heated to forging temperature, takes on the contours of the die. Various forged, extremely loadable components, such as undercarriage components, door fittings, partial bulkheads, or tail unit suspensions, are produced with the help of drop forging technology (vgl. Martin 2013, S. 175).
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Bending 
The bending of sheet metal proﬁles (frames) in aircraft manufacturing is a process for highly stressed components.


Bending is another forming process within manufacturing. In this process, a bending moment is introduced to the base material (semi-finished product), causing a permanent plastic deformation. Figure 2.14 below shows typical bending processes for an aircraft frame (vgl. Martin 2013, S. 175).
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Stretch Forming

Aircraft panelling consists of large-format sheets that must be formed three-dimensionally by means of the stretch forming process.

Stretch forming is a cold forming process for large sheet metal parts. In aircraft manufacturing, the process has proven to be economical since deep-drawing offers no advantages due to the small quantities and large-scale tools required in aircraft manufacturing.


In stretch forming, the sheets are clamped into tensioning devices and drawn over a forming die. The tool has the internal form of the sheet metal component. The process can also be used for multi-sided clamping.

Figure 2.15 below shows the stretch forming of an aircraft skin. In this process, large-format sheets are drawn over dies made of aluminum or wood. The sheets are plastically deformed in the longitudinal and transverse directions (vgl. Martin 2013, S. 173f.). The simple and inexpensive design of the stretch forming dies also allows the stretch forming process for large-format sheets to be used in small and medium quantities.

Stretch forming
This allows large components to be formed.
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Deep-drawing

Deep-drawing is a manufacturing process that uses a drawing tool to form sheet metal blanks (circular blanks, plates, blanks) into a hollow body (e.g., a top-open cup) by means of tension-pressure forming. The drawing tool consists of a punch, die, and blank holder. The blank holder ensures that the sheet being drawn in does not form wrinkles. Controlling the blank holder force during the process is a particular challenge. If the blank holder force is too low, wrinkles will form in the sheet. If the blank holder force is too high, cracks can form in the sheet.

Deep-drawing is extensively used for body construction in automobile manufacturing.


2.3 Separating (cutting, machining, removal)
The manufacturing processes of the main group, separating, are the most frequently used manufacturing processes in production worldwide. The manufacturing processes of this main group are shown in Figure 2.16 below. The most significant manufacturing processes in this group are cutting (punching), machining (with geometrically defined cutter shapes and with geometrically undefined cutters) and removal (spark erosion, electrochemical processing, chemical processing, etc., (vgl. Klocke/König 2007, S. 3–27).



Main Manufacturing Groups according to DIN 8580





Punching technology is generally used in sheet metal processing. In contrast, the machining process refers to all mechanical machining processes in which the material is removed from the workpiece in the form of chips. The term machining is most commonly used in connection with metalworking, but also includes the machining of other solid materials, such as wood and plastics.

Two important main groups are identified within machining. The first is machining with geometrically defined cutter shapes and the second is machining with geometrically undefined cutters. The distinction is based on the structure of the cutting edge of the cutting tool. When machining with a geometrically defined cutter (as in turning, drilling, or milling), one or more cutting edges with a geometrically deﬁned geometry are used. When machining with a geometrically undefined cutter shape (as in grinding, honing, or lapping), this involves a large undetectable number of abrasive grains on the respective tool whose geometry is varied and undefined.

Overall, both types of machining tools sustain heavy tool wear. This means that as the cutting edges wear, the tools must be replaced or sharpened regularly after a specific service life (the time the tool is in use, depending on the load). While machining tools with a geometrically determined cutter shape must be exchanged (for sharpening or turning in the case of carbide indexable inserts), grinding wheels are conditioned (with a diamond grinding wheel, the cutting edges of the abrasive grains are broken and thus sharpened).
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Separating (punching)



Shearing 
Is also referred to as punching technology and is a frequently used manufacturing process in sheet metal processing.

According to the DIN 8580 standard, the separating processes group includes shearing, In practice, this is often referred to as punching technology. Punching technology is an important manufacturing process, particularly in sheet metal processing, and is often used for punching and cutting contours in sheet metal processing. Figures 2.17 and 2.18 below show the separating (punching) process schematically.
[image: ]

Separating (shearing) is a manufacturing process that is widely used in the field of sheet metal processing for the automotive and aviation industries (vgl. Fritz 2018, S. 227–237).



Main Manufacturing Groups according to DIN 8580





[image: ]
The shearing (punching) of sheet metal parts for cutting contours and for punching is still widely used today. However, it must be taken into account that the shearing of sheet metal using punching operations is now being increasingly replaced with laser cutting systems. 

Machining

In machining, a distinction is made – as already mentioned above – between the process groups (vgl. Klocke 2017b, S. 41–99).

· Machining with geometrically defined cutter shapes (such as drilling, turning, milling, sawing, broaching, etc.) and
· Machining with geometrically undefined cutters (such as grinding, honing, lapping).

Machining is used extensively in many areas of machine, automobile (chassis, engine, and transmission components) and aircraft manufacturing. More than approx. 75% of machining tools worldwide are cutting machines. Alongside this, around 80% of the machining processes used include turning, milling, and drilling (vgl. Fritz 2018, S. 237–239).

The fundamental principle of machining is based on the fact that a wedge-shaped cutting edge penetrates the surface of the workpiece and peels off a thin layer of material, the so-called chip. The cutting material of the tool must be much harder than the material to be machined. For machining relatively soft materials, simple steels are sufficient tool materials. For machining harder materials, special tools made of steels, cutting ceramics, carbide, diamond, or corundum are used as the cutting material (vgl. Fritz 2018, S. 239–240).
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Cutting forces 
During machining, the cutting forces of the machining deform the components. This can result in dimensional deviations.


Figure 2.19 above shows the cutting process during turning. The cutting forces are generated by the tool and cut the chip from the workpiece.

According to DIN 8580, the most important and most frequently used machining processes are turning, milling, and drilling. Figure 2.20 below shows the turning process of a steel material with a carbide tool.
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One of the major problems in machining technology is tool wear. Tool wear is caused by high temperatures, the great pressure on the tool, and the relative movement between the tool and chip at the contact point during the cutting process. Heavy wear results from mechanical abrasion, oxidation, diffusion, and built up edge. Figure 2.21 below shows the wear process as it correlates with the cutting speed. As a result, the tools, which are continually subjected to wear, must be constantly changed and sharpened. In many cases when carbide tools are used, the inserts are only turned after reaching the maximum permissible wear. The wear leads to dimensional deviations and a change in the surface quality on the workpiece. The wear of a tool determines the tool life, i.e., the time a tool may remain in service.

The demands on metal cutting are particularly high within the machine, automobile, and aircraft manufacturing industries. Aircraft manufacturing in particular uses a great number of large components (up to approx. 8,000 mm in length and up to approx. 3,000 mm in width) that are produced by machining. These components are what is known as integral components (homogeneous components). The main advantage lies in the ﬂexible handling of the components. The unmachined parts, usually made of high-strength aluminum alloys, are clamped onto CNC machines and machined fully automatically up to the final contouring using milling processes.








Carbide tool in service
High speeds and high temperatures or cutting speeds lead to wear.
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For these integral components, the unmachined parts are usually machined up to a volume fraction of approx. 95%. The milled components have a high accuracy in the range of approx. 1/100 mm with component dimensions of up to approx. 8.0 m. This process can be used to produce large components with the highest standards of accuracy and surface quality. In aircraft manufacturing, machining by highly automated milling processes allows for economical production of diverse large components in small batches. The machinery in such manufacturing is usually extensive in order to realize complex machining operations. For large components, an automated material flow with the use of pallet systems and workpiece magazines can significantly increase the efﬁciency.

Small batch sizes and diverse geometries, which require an extremely high flexibility of the manufacturing equipment, can still be machined economically with complex milling operations. In order to carry out the production economically despite small batch sizes and high flexibility, the goal should always be to realize the entire machining process on one machine with a single clamping operation. However, in the case of large integral components, this often requires machining on both sides and subsequent turning.
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Milling machining centers are mostly interlinked. They are used to manufacture complex integral aircraft components in three-shift operation. These machining operations are performed on interlinked, high-speed machining centers (vgl. Martin 2013, S. 176). Figure 2.22 below shows the milling of skin panels for aircraft manufacturing.
[image: ]

Figure 2.23 below shows the high speed milling of integral components in aircraft manufacturing. Compared to conventional milling processes, this method is characterized by high surface quality, increased precision, and a high cost-efficiency.
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High speed cutting (HSC) in aluminum machining has grown in significance and has established itself in automobile and aircraft manufacturing due to its high productivity, particularly with aluminum components. In metalworking with CNC milling machines, the term high speed cutting or HSC refers to a machining process in which cutting speeds (up to 1,000 m/min), tool speeds (up to approx. 30,000 1/min), and feed rates (up to approx. 3,000 mm/s) are many times higher than with conventional machining. HSC technology is used whenever high demands are placed on machining performance and surface quality. HSC milling is characterized by up to 30% higher material removal rates, five to ten times higher feed rates, and up to thirty times lower cutting forces. In particular, this also enables the machining of thin-walled workpieces.

HSC milling has become very popular for machining aluminum workpieces with nominal wall thicknesses, particularly in the aerospace industry.

Machining: Dimensional and Positional Inspection of Components with Laser Processes

Complex laser measuring systems are now commonly used in aircraft manufacturing to inspect the geometry of components. The laser systems ensure maximum process reliability and the best possible manufacturing results. Since aircraft manufacturing involves extremely expensive, large components made of sophisticated aluminum or titanium alloys, errors in production can be very costly. The high process reliability offered by laser systems enables a wide range of streamlining effects in quality inspection. Figure 2.24 below shows the measurement of a component using such a laser measurement system.
[image: ]
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Removal

Another group of manufacturing processes within the main group of separating is removal (vgl. Klocke/König 2007, S. 3–184). The machining processes, thermal removal (spark erosion), chemical removal (etching of surfaces with acids), and electrochemical removal (exposure to electrolytes under electrical voltage) belong to the removal group. These processes will only be briefly discussed here.

Spark erosion (EDM – Electro Discharge Machining) is widely used in toolmaking (forming, injection molding, etc.). The workpiece is placed in a tank filled with a dielectric fluid (e.g., petroleum). The material is removed from the workpiece using spark discharges from an electrode tool made of copper or graphite. The tool is moved close the workpiece with only a narrow gap (0.01–0.5 mm) and electrical voltage pulses are applied. When a spark flashes over, the material is locally melted and vaporized in a point-like manner on the workpiece. The extent of the removal depends on the intensity, frequency, duration, length, gap width, and polarity of the discharges. This allows complex geometries to be produced even with very hard materials, e.g., in toolmaking.

Electrochemical removal (ECM – Electro Chemical Machining) is a manufacturing removal process that is also used for particularly hard and difficult-to-machine materials (e.g., in toolmaking for forming dies). The workpiece is placed in an electrolyte and then DC voltage pulses are applied. The workpiece is poled as anode (positive). The tool is poled as the cathode (negative). The current causes the upper surface of the workpiece to disintegrate. The tool sinks into the workpiece as the surface that comes in contact with the current is removed. The geometry of the tool is reproduced on the workpiece.

The chemical removal of workpieces is carried out by means of acids. The material dissolves through the exposure of acid. The areas that are not to be removed are protected, e.g., by applying a plastic layer. The chemical reaction between the active medium (acid) and the workpiece leads to removal. The process is widely used in aircraft manufacturing to remove fuselage skin surfaces on a large scale in order to reduce the panel thickness and therefore the weight.










2.4 Joining
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The first five groups in this main group are the assembly processes. These processes are extremely important in the automotive and aircraft industries and a significant share of the total value creation is attributable to this group of processes. Other significant processes in this main group are welding, soldering, and adhesive bonding.

Assembly Processes (assemblies in automobile manufacturing and primary structures in aircraft manufacturing)


There are significant differences between the assembly processes (Groups 4.1 to 4.5 according to DIN 8580) in automobile and aircraft manufacturing due to the quantities per time unit and the component size in the respective industries. While automotive manufacturing is highly automated, today’s aircraft manufacturing still involves a large number of manual activities with regard to its assembly processes and the assembly systems used. Thus, many areas of aircraft manufacturing still mainly use traditional manual methods. Considerable effort has been made within the area of assembly automation for assemblies, as well as for complete systems for many years in order to

Assembly technology and assembly processes These account for a large part of the value creation in automobile and aircraft manufacturing.









achieve a higher degree of automation with the greatest possible flexibility (vgl. Martin 2013, S. 179f.).

Overall, assembly in the automobile and aircraft manufacturing contributes a high level of value creation to the entire process. Assembly accounts for around 50% of the value creation in automobile manufacturing and around 70% in aircraft manufacturing. Particularly in automobile manufacturing, a large number of assembly processes are now automated with robots. However, the mental and physical abilities of workers are also a great advantage in many assembly processes. 

In aircraft manufacturing, for example, this particularly includes the developments in production technology in recent years in which large CNC riveting machines were designed. Using fully automatic riveting, these machines join shells in their complete structure with all subcomponents such as stringers, frames, clips, etc. 

The following is a brief description of the starting situation. In general, aircraft components have large dimensions. Fuselage shells currently have a width of approx. 4 meters and a length of approx. 11 meters. These shells must be joined with high precision. Here, the maximum tolerance for this is deviations of no more than 0.2 millimeters along the entire length. This is a major challenge with components that sometimes weigh several tons. To precisely position the heavy components, aircraft manufacturers use highly automated large assembly cells in which the individual components weighing several tons are precisely positioned and then joined using riveting processes (vgl. Martin 2013, S. 186).

The use of ﬂexible robots is one of the key strategies for realizing highly automated aircraft manufacturing in the future. Automation concepts and systems are in particular demand here, which will allow aircraft assembly to be realized more economically, simply, and ﬂexibly in the future. This particularly applies to high-precision milling and drilling as well as adhesive bonding (vgl. Martin 2013, S. 180).

Consideration must also be given to the fact that the traditional aircraft material, aluminum, will be increasingly replaced by CFRP in the future and that this will require a change in the handling of the components. In the case of CFRP components, riveting will continue to be used as the main joining method in the primary structure. Alongside this, adhesive bonding in secondary structures is also used to a greater extent and has become more significant, particularly for joining skin panels and stringers (vgl. Engmann 2009). For this reason, the riveting, welding, and adhesive bonding processes in aircraft manufacturing are described in more detail below.
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Riveting

Riveting is a joining process that has been used in aircraft manufacturing to join metallic components for many decades (and now also CFRP components). While riveted joints can be separated with reasonable effort (usually by drilling out the rivet), they are essentially considered to be a permanent join (vgl. Martin 2013, S. 180).

Riveting was already in use before adhesive joints and welded joints advanced to their current standards. With the advent of industrialization, solid riveting was mainly used in machine manufacturing, railroad construction, and bridge building. Welding has also developed into a reliable joining process since around 1930 and is increasingly being used for cost reasons. However, a major disadvantage of welding is the thermal effect on the welding position and thus on the components, which often makes welding problematic. Welding can also result in a variety of negative effects such as changes in material properties, residual stress as the result of shrinkage and solidification, gas absorption, crystal growth, and crystal formation. In addition, a considerable softening can occur in a large number of component materials and thus in the component itself, such as in the precipitation-hardened aluminum alloys (vgl. Martin 2013, S. 180f.). Quality assurance after the welding process is extremely demanding since only elaborate, non-destructive testing methods provide sufficient information to assess the quality (vgl. Fritz 2018, S. 522–529).

Despite its negative aspects, riveting is still the most common joining method in aircraft manufacturing that allows for transferring substantial loads between components. In cases where solid riveting usually no longer meets the strength requirements, fit-rivets are used. They serve their function by means crimped-on (lock bolt or lock ring rivet) or screwed-on (screw rivet or hi-lock) lock rings (vgl. Martin 2013, S. 180).

Non-destructive loosening of a crimped joint is no longer possible after the joining process without damaging the rivet. Lock ring rivets are highly suitable for dynamic loads and heavy, oscillating stresses, since the parallel lock rings in the bolts prevent self-loosening.

Riveted joints in commercial aircraft must withstand a service life of at least 25 years, which corresponds to around 80,000 flight hours. The joints in the aircraft are constantly exposed to a wide range of influences such as fluctuating temperatures from –50 to +80 °C, moisture, and aggressive, corrosion-promoting media (vgl. Martin 2013, S. 181).

Figure 2.26 below shows the use of different rivets in traditional metal aircraft manufacturing (here, on an Airbus A320). Different types of rivets are used depending on the load and around 2.5 million rivets can be found on a commercial aircraft such as the Airbus A320.










[image: ]

Overall, it can be said that riveting technology is by no means obsolete in aircraft manufacturing, even if other processes such as adhesive bonding or welding are now available as suitable joining techniques (vgl. Engmann 2009, S. 192–226). In aircraft manufacturing, riveting is still the most common joining method for aluminum and CFRP shells in the primary structure.

Riveting technology is particularly characterized by simple and reliable quality testing. During the manufacture, which can be easily automated, the pressure forces and tool paths can be easily monitored and controlled by computer. Here, the data can be compared and checked effectively with the aid of reference values. After riveting, a visual inspection and further tests are possible and sufficiently reliable.

Rivets have little impact on their surroundings and possess a high fatigue strength. However, riveting is associated with a large number of holes in highly stressed structures and thus a weakening of the transverse sections occurs. It is also less sophisticated than welding, for example. Welding is much more complex and involves many more risks than riveting (vgl. Martin 2013, S. 180–190).
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	Figure 2.27: Advantages and Disadvantages of Riveting Compared to Welding

	Riveting Compared to Welding

	Advantages
	Disadvantages

	Wide variety of available materials
	Lower strength than welding

	High efficiency
	Irregularities on the surface (protruding rivet heads)

	Usually no thermal transformation of the microstructure
	Difficult to rework

	Good environmental compatibility
	No or only difficult repairs possible

	Manual or automatic joining possible
	Only limited applicability (small components difficult, setting process, accessibility)

	High constant prestress
	Possible damage to the component surroundings

	
	Preliminary work necessary (punching)



Figure 2.28 below shows a typical riveted joint between a metallic primary structure and frame, stringer, clip, and aircraft skin panel using solid riveting.
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Welding


Welding 
This is a joining process that involves a wide range of risks due to the high temperatures, melting, and solidification.


Welding is a joining process that has been in use for many years, particularly in the machine and automobile manufacturing industries. Welding processes on the metallic primary structure in aircraft manufacturing have also been further developed to perfection in recent years.

The disadvantage of the welding process is the thermal influence on the components. Negative effects can occur as a result of welding, such as changes in material properties, residual stresses as a result of solidification and shrinkage, crystal formation, and gas absorption. Also, for a large number of materials, welding, particularly fusion welding, results in severe softening and changes in the material properties of the component. This is particularly true in aircraft manufacturing for the high-strength aluminum alloys. This disadvantage has now been compensated for with the development of high-strength, but weldable aluminum alloys (vgl. Fahrenwaldt 2014).

According to EN 14610 (vgl. o. V. 2005) and DIN 1910-100 (vgl. o. V. 2008), welding is a material-to-material joining process with which an inseparable joining of components can be created using heat or pressure with or without filler metals. A distinction is made between fusion welding and pressure welding.
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Fusion welding 
This is a joining process that is always associated with melting and subsequent solidification. The initial solidification process involves a wide range of risks.


The classification of fusion welding processes according to DIN 1910-100 (vgl. o. V. 2008) is shown in the figure above. Fusion welding is the best-known and most widely used process. In fusion welding, the joining partners are heated until a molten mass is formed and mixed, then these partners are firmly joined together after solidification. This means that heat (until fusing occurs) is always required for fusion welding. In contrast, only heat and forces are effective in pressure welding, whereby the joining of the welding partners is created by the actual pressing process with atomic bonding forces becoming effective between the welding partners at higher temperatures. Pressure welding is always only used in the solid area of the joining partners.

Fusion welding is a process with a locally limited molten mass that is always above the melting temperature of the material without application of force and with or without or a filler metal of the same type (DIN 1910-100). This is in contrast to soldering, in which the melting temperature of the base materials is always exceeded. In principle, all materials can be welded if the material can be converted into a molten state.

However, it must be taken into account that not all materials can be welded without significant consequences. In aircraft manufacturing, e.g., age-hardened or pre-stretched aluminum alloys cannot be welded because the welding process would nullify the previously created increase in mechanical properties (vgl. Martin 2013, S. 182).

During fusion welding, the base material can develop unfavorable properties due to the subsequent, relatively rapid cooling. Depending on the material and the cooling process, this can lead to embrittlement or hardening, e.g., and thus to a significant change in the mechanical properties of the joining partners in the weld zone. Shrinkage (solidification shrinkage) of the material occurs during solidification of the molten mass, which can lead to strong residual stresses and cracks. Cooling of the joining partners to room temperature causes further shrinkage (solid state shrinkage), which also leads to residual stresses. In addition, these high residual stresses can occur at the transition of the weld to the base metal and initiate cracks. Alongside these, there are also the problems of crystal and grain formation, gas absorption, segregation, etc., during solidification of the molten materials. As a rule, this can lead to considerable degradation of the base material. The geometric area in which the material is affected by the molten mass can have different extents. These extents are very strongly dependent on the power density of the heat source. Low energy densities lead to large heat affected zones (HAZ) (e.g., in gas fusion welding) and thus to large expansions of the HAZ, while high energy densities (e.g., laser or electron beam welding) lead to small heat affected zones (HAZ) and thus to small areas in which the material melts and then solidifies again (vgl. Fahrenwaldt 2014, S. 7–17).
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This means that the power density of the heat source has the most significant influence on the consequences and quality of the welding result. High energy densities (e.g., tungsten inert gas (TIG) welding 106 W/cm2, laser beam welding108 W/cm2, electron beam welding109 W/cm2) lead to only minor influences as a result of solidification and thus to minor shrinkage. Conversely, low energy densities create major influences as a result of solidification (e.g., gas welding). It can therefore be said that increasingly higher energy densities of the heat source (e.g., laser beam or electron beam welding) make it possible to achieve an increasingly better welding result from the fusion welding processes.

It must also be noted here that welding processes require the appropriate qualification certificates (practical and theoretical knowledge test of the welder and the supervisor [certified welding engineer]).

In contrast to fusion welding, there is no molten mass in pressure welding (vgl. Fig. 2.30, according to DIN 1910-100). This has a much lower negative influence on pressure welded joints. There are no solidification problems with pressure welding (shrinkage, crystallization, gas absorption, segregation, etc.). It is for this reason that pressure welded joints are always preferable to fusion welded joints. This is because the influence on the welding partners is considerably less, and the risk of negative influences is significantly reduced. However, pressure welding on a particular component must first be viable since high forces must be applied and transferred. The mainly thin-walled components are therefore often not suitable for pressure welding, or only to a limited extent (vgl. Martin 2013, S. 182).

HAZ (heat affected zone)
The heat affected zone (HAZ) specifies the size of the affected zone around the active area.
As the power density of the heat source decreases, the size of the HAZ increases.



Pressure welding 
This is a joining process that does not involve molten mass and does not therefore change the material properties. The risks are reduced during this process.
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A variety of countermeasures in production can be used to address these diverse problems. These include the following measures in particular:

· selection of suitable welding processes,
· integration of welding consumables,
· use of post-weld treatment processes, 
· preheating of the workpiece,
· implementation of manufacturing and design measures, particularly:
· consideration of the correct assembly and welding sequence,
· selecting suitable seam forms,
· use of appropriate base materials.

Pure fusion welding processes are still generally regarded as inaccessible by aircraft manufacturing due to its high-strength and complex aluminum and titanium alloys. However, the high-strength aluminum alloys that have already been developed for aircraft manufacturing are processed by electron beam and laser beam welding on commercial aircraft. The development of friction stir welding as a variant of friction welding fulfills the desire of aircraft manufacturers to join outer skin components in the primary structure using suitable pressure welding processes. Friction stir welding is a pressure welding process in which sheets can be joined end-to-end (vgl. Martin 2013, S. 182).


Friction Stir Welding
Friction stir welding (FSW process, according to DIN EN ISO 25239 [o. V. 2012]) was developed for sheet metal welding and particularly for aircraft manufacturing. In friction stir welding, the frictional energy is not generated by the relative motion of the two joining partners, but with the aid of a rotating, wear-resistant tool.


Friction stir welding 
This has proven its usefulness as a pressure welding process in aircraft manufacturing. The influence on the HAZ is very low.










[image: ]


The process is divided into distinct individual steps. First, a rotating tool must be pressed into the joint gap with high force. The friction of the rotating tool generates the heat. In the second step, heat is applied by the rotating tool, which remains at the plunge location for a few seconds. The heating brings temperatures close to the melting point. This temperature increase causes a drop in strength, which plasticises the material and allows mixing of the joining line. As the feed motion begins, the rotating tool is moved along the joining line with high contact pressure. The rotary motion and the feed motion cause the plasticised material to be transported around the tool, mixing and creating the seam in the process (vgl. Fritz 2018, S. 473–474).

Figure 2.31 below shows friction stir welding on skin panels in aircraft manufacturing. Friction stir welding is a particularly suitable process for aluminum alloy skin panels. The problems caused by the phase transition in the fusion welding of aluminum alloys, such as hot cracks and pore formation, do not occur in friction stir welding because no molten or vapor phase is induced (vgl. Jakob 2014).

The main advantages and disadvantages of the process are (vgl. Fritz 2018, S. 474–475):

· no fillers are required,
· high seam strength is achievable,
· relatively simple process flow can be implemented,
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· no shielding gas necessary,
· a wide variety of mixed compounds can be realized, and
· comparatively low temperatures (e.g., for aluminum about 550°C at the surface of the weld), resulting in little distortion.

The FSW is mainly used for welding large components. The most significant example of application here is aircraft manufacturing.

Laser Beam Welding
LASER (Light Ampliﬁcation by Stimulated Emission of Radiation) involves the physical effect of amplifying light by forced emission of radiation. The emission of light is based on the interaction between light and matter, with the forced radiation being emitted by the matter (surface).

Laser light (gas laser [CO2] and solid state laser [NdYAG laser - neodynium yttrium aluminum garnet]) produce high beam intensities. When the laser meets a surface, the energy is absorbed and a keyhole (tubular cavity filled with metal vapor or partially ionized metal vapor) is formed in the molten mass in the beam direction. The breakthrough of laser technology in joining technology is based on the fact that the laser light can be focused on one point and thus an extraordinarily high power density can be generated.


Laser beam welding is another welding process that has become established in automobile and aircraft manufacturing. Laser beam welding is a fusion welding process. In principle, the previously described explanations regarding the problems in the heat affected zone (HAZ) of the weld apply here. However, the problems of solidification shrinkage, crystal formation, gas absorption, segregation, etc. are relatively low in laser beam welding due to the high power density and the small HAZ.

As a result, laser beam welding is now widely used in the areas of complex constructions and materials. The process is used on high-strength steel and aluminum alloys, particularly in the automobile manufacturing and metalworking industries. In automobile manufacturing, there are various applications for this process in the areas of drive systems, steering systems, transmissions, etc.

In aircraft manufacturing, laser beam welding of skin-stringer joints on aluminum fuselage shells is now state-of-the-art. The process is increasingly used in newer aircraft models, which is why the number of fuselage shells welded in series has also risen sharply in recent years. By using suitable new aluminum alloys, new manufacturing processes can be established that are much more efﬁcient than conventional processes. For example, considerable weight and cost savings can also be achieved with the laser beam welding of titanium-aluminum hybrid structures for seat rails in aircraft manufacturing (vgl. Martin 2013, S. 183).


Laser beam welding
In contrast to other fusion welding processes, it has significant advantages due to the small HAZ.









At Airbus, the use of laser beam welding for welding stringers to the outer skin panels of the aluminum fuselage structure has already been in series production for several years (vgl. Kocik 2006).

Weldable aluminum alloys of Group 6xxx are used and these alloys have mechanical values that are only slightly affected by the welding process. The following two figures below show simultaneous laser beam welding on both sides with filler wire, which replaces the conventional riveting process in the skin-stringer joint.

Considerable weight reductions can be achieved by eliminating rivet holes and overlaps. At the same time, corrosion resistance in the weld zone is increased and maintenance costs are reduced due to the integral design (vgl. Martin 2013, S. 183).
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Tungsten inert gas welding (TIG)
Tungsten inert gas welding (TIG welding process according to EN ISO 4063) is an arc welding process that uses inert shielding gases (Ar, He) and was developed in the early 1950’s.


The TIG process, which is shown in Fig. 2.34 below, has a number of advantages over other fusion welding processes and allows the highest-quality welds to be made. Due to the relatively low heat input and the small heat affected zone (HAZ), the weld distortion of the workpieces is lower than with other processes. Due to the high weld seam quality, the TIG process is preferred where quality requirements are particularly demanding.

Sophisticated, complex piping systems made of bent pipes run inside an aircraft, offering maximum safety and reliability while requiring minimum space. This is why applications in welding pipelines made of high-grade materials in aircraft manufacturing e.g., for fuel lines, bleed air lines, etc. are extremely important. Here in particular, complex materials made of high-quality titanium alloys must be welded. Depending on the application, the pipes are also made from alloys of aluminum, stainless steel, inconel, or titanium, or even from a sophisticated combination of metal and CFRP composites.

The hot-air piping ensures, e.g., that the bleed air is discharged from the engines to the air conditioning system heat exchangers. This application requires special high-quality welding processes, since the pipes are primarily made from welded half-shells

TIG
This is an arc welding process that only involves minor influences on the HAZ. The results of the welding process are usually sufficient, even for high demands.









or longitudinally welded titanium pipe sections. After welding and final assembly, the pipes are mechanically protected by a thin layer of titanium foil.
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Electron Beam Welding
Electron beam welding draws its energy from electrons accelerated by high voltage (60- 150 kV). These electrons are introduced into the process zone in a vacuum and accelerated to the highest speeds under high vacuum conditions (< 10-4 mbar). The beam formation occurs through the cathode, bias cup (also called Wehnelt cylinder), and anode.

When the electrons come into contact with the workpiece, they convert a large part of their kinetic energy into heat and melt the weld zone. The working chamber must be shielded due the roentgen radiation (X-rays) produced. Electron beam welding offers an even higher power density than laser beam welding, as well as a significantly higher efficiency. Electron beam welding does not require the use of shielding gases since it is conducted in a vacuum. This process can be used to produce high-quality weld seams in complex materials (stainless steel, titanium, and nickel alloys for engine production, high-strength aluminum alloys for primary structures, etc.). For example, the process is used in engine and transmission production in automobile manufacturing. 

With its high demands, aerospace is also an area in which this high-quality welding technology is applied. This process can be used to weld materials with thicknesses ranging from a just few nanometers to over approx. 100 mm.
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In addition, there are material requirements for which the vacuum of the electron beam welding process serves as an ideal protective atmosphere. Figure 2.35 below shows the schematic structure of an electron beam welding system.

[image: ]



Soldering

Soldering is a thermal manufacturing process for the cohesive joining of components. In this process, the solder is melted as a filler in a liquid state that wets the joining partners, whose temperature remains far below their melting point. In its liquid state, the solder forms an atomic bond with the components by diffusion (cohesive forces). An alloy is created in the area of the surface of the joining partners. The solder creates a strong material bond connection between these partners. Only a small gap that acts as a capillary for the solder should be between the joining partners. The solder is drawn into the capillary. Gaps that are too large or too small hinder the flow of solder in the gap. Soldering will not be discussed further here (vgl. Fritz 2018, S. 487–505, for further details).

Electron beam welding
This is a fusion welding process with the highest power density. This results in a small HAZ, thus only very small areas are affected. Due to the presence of vacuum, there is no interaction with the surrounding gases.


















Soldering
This is a joining based on solid solution formation between the solder and base material. The solder must be drawn into the capillary through its wetting ability.










Adhesive Bonding


Adhesive bonding 
This is a bond based on an atomic bond between the joining partners and the adhesive. This atomic bond (cohesion and adhesion) must withstand high stresses.

Adhesive bonding belongs to the material bonding manufacturing process within the main group of joining processes. In this process, a material bond connection is formed with the aid of an adhesive.

The atomic bonding forces, adhesion and cohesion, play a decisive role in adhesive bonding. Cohesion refers to the atomic forces between identical atoms, while adhesion refers to the atomic forces between different atoms. The formation of these atomic bonding forces is the essential prerequisite for adhesive bonding (vgl. Engmann 2009).

The adhesive primarily bonds with the surface of the component to be joined through physical and chemical interactions. This phenomenon of adhesion is also known as bonding. Adhesive bonds, however, always have significantly lower strengths than welding or soldering. This is because the maximum transferable shear stresses are around 40–50 N/mm2. Large surface area bonding can compensate for the low transferable stresses. When bonding, it is therefore essential that the bonding surface is suitable for adhesion in terms of construction and design (vgl. Martin 2013, S. 184).

In contrast to welding and soldering, adhesive bonding allows almost all materials to be joined together. Adhesive bonding is particularly gentle because the process does not require high temperatures, which can also result in severe distortion, cooling stresses, or changes in the microstructure of the joining partners. Also, the geometry of the joining partners is not weakened by holes, as are required for riveting or screwing. In addition, the force is transferred from one joining part to the other larger surface area by adhesive bonding. The stressing of adhesive surfaces should always be in shear, never in tension, and under no circumstances should it be a peeling stress.

Adhesive bonding can be regarded as an alternative joining process in the areas of primary and secondary structures. Here, adhesive bonds are necessarily used, e.g., as in military and commercial aircraft manufacturing for the production of surface and longitudinal seam doublers in the skin area of the fuselage, for longitudinal stiffeners of the fuselage skin and on stringers, frames, etc. In many cases, stringers are bonded to CFRP skin panels as longitudinal stiffeners.

Adhesive bonding is also an important joining process for sandwich components, e.g., in the construction of ailerons and rudders or flaps. Compared with riveting technology, the use of adhesive bonding for aircraft metals can save around 15% of the structural weight with comparable security against uncontrolled crack propagation. A high fatigue strength of the structure with a high rigidity can be achieved with adhesive bonding technology. (vgl. Martin 2013, S. 184).

However, the requirements for adhesive bonding processes and the technical implementation of the bonding are very demanding. Both the mechanical load-bearing capacity of the bond in the boundary layer between the adhesive and the adherend surface as well as the durability of the adhesive joint, and other quality-determining characteristics cannot be non-destructively tested or only tested with great effort.
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The bonding process must therefore be so well mastered technically that the result can be trusted, even without complete testing. The ability to create a reproducible, safe, and adhesion-friendly surface condition on the joined component is also of particular importance (vgl. Fritz 2018, S. 505–520).

An adhesive bond is comprised of the two components to be joined and an adhesive layer between them. After wetting, chemical interactions and a mechanical form fit occur at the phase boundaries. These inﬂuence factors are responsible for the degree of adhesion and thus for the structure of the bond. The adhesive must be in the liquid phase for optimum wetting during the joining process. It ultimately obtains its internal strength (cohesion) through physical processes or through a chemical reaction. This process must not be interfered with by the presence of foreign substances (vgl. Fritz 2018, S. 504–507). 

Figure 2.36 below shows the bonding mechanism (cohesion and adhesion) as well as the magnitudes and the maximum values for adhesion under the prerequisite of atomic bonding, ionic bonding, and van der Waals bonding with respect to the range, the bonding energy, and the adhesion force.

[image: ]

Bonding Advantages (vgl. Fritz 2018, S. 515):

· homogeneous force transmission and stress distribution over the entire bonding surface is possible,
· large surface area bonding can be implemented (for component stiffening or for the production of laminates),

Requirements for the adhesive bonding process
An atomic bond (cohesion and adhesion) is to be formed at the boundaries of the joining partners.









· easy to produce compared to other joining processes,
· unchanged surface and microstructure, as well as no high temperatures that alter the microstructure,
· no optical changes of the surface,
· elasticity of the adhesive creates vibration dampening of the bond line,
· weight saving in lightweight construction,
· sealing joints (adhesives are sealants for gases and liquids),
· joining of different materials (glass, metal, wood, ceramics, plastic),
· no contact corrosion with metals, and
· heating of workpieces to be joined is not necessary (no heat distortion).

Bonding Disadvantages:

· demanding feasibility: the production of an adhesive bond requires more effort compared to the other processes,
· aging process: adhesives, like any organic material, are subject to an aging process that can limit the durability of an adhesive bond,
· test method: there is no adequate method with which, e.g., the deformability or strength of an existing bond can be non-destructively tested,
· adhesive bonding is temperature-sensitive: embrittlement sets in at low temperatures and softening occurs at high temperatures, and melting ultimately occurs with further heating.

	Figure 2.37: Typical Adhesive Types and Their Application (Part 1)

	Classification
	Adhesive Type
	Suitability
	Gap Width (in mm)
	Shear Strength
(in N/mm2)

	One-component adhesive
	Cyanoacrylate adhesive
	Metal, plastic, rubber, wood
	< 0.2
	25

	Two-component adhesive
	Epoxy resin adhesive
	Metal
	0.1 – 0.4
	32

	Cold adhesive
	Silicone adhesive
	Metal Glass Ceramic
	0.2 – 0.5
	25





Main Manufacturing Groups according to DIN 8580






	Classification
	Adhesive Type
	Suitability
	Gap Width (in mm)
	Shear Strength
(in N/mm2)

	Hot melt adhesive
	Hot melt adhesive
	Diverse
	0.1 – 1.2
	< 40

	
	Heat activated adhesive
	Diverse
	0.1 – 0.4
	< 40




	Figure 2.37: Typical Adhesive Types and Their Application (Part 2)

	Classification
	Adhesive Type
	Operational Range 
(in °C)
	Application Area
	Remark

	One-component adhesive
	Cyanoacrylate adhesive
	–40 – +120
	Metal bonding, aircraft manufacturing, automobile manufacturing
	One 
component

	Two-component adhesive
	Epoxy resin adhesive
	–60 – +80
	Composites, aircraft manufacturing, automobile manufacturing, encapsulation of electronics
	Two 
components

	Cold adhesive
	Silicone adhesive
	–60 – +200
	Joint sealing, automobile manufacturingaircraft manufacturing
	

	Hot melt adhesive
	Hot melt adhesive
	–60 – +200
	Wood, synthetic material
	Epoxy resin, 
Phenol resin

	
	Heat activated adhesive
	–60 – +200
	Metals, sheet metal, glass
	Polyimide











Particularly in aircraft manufacturing, there are currently developments in combining riveting and adhesive bonding in a hybrid technology. Hybrid joining is a combination of riveting and adhesive bonding. This results in fewer rivet holes and better force distribution.

Rivet holes are a major problem, particularly in CFRP structures. The load-bearing capacity of the material is reduced and the flux in the CFRP structures is disturbed. For this reason, adhesive bonding processes in combination with riveting are particularly suitable for increasing the load-bearing capacity of CFRP materials. The advantages of hybrid joining of CFRP materials result from the lower amount of rivet holes. This increases the load-bearing capacity, as adhesive bonding enables better stress distribution due to the two-dimensional force distribution. In the future, the combination of adhesive bonding and riveting in primary structures of aircraft or automobile bodies will also open further potential for weight reduction (e.g., wings, fuselage, tail units) (vgl. Martin 2013, S. 184f.).

Automation of Assembly Processes


Automation Automation of assembly is an important goal for both automobile and aircraft manufacturing in order to reduce labor-related costs as much as possible.


In the context of technological progress, the automation of assembly processes is primarily a matter of operations in which work previously performed manually by humans is transferred to machines (vgl. Martin 2013, S. 185).

Here, the regularly recurring functional processes are to be taken over as completely as possible by machines in order to relieve humans of monotonous and strenuous work. Usually, automation is deﬁned as the use of a set-up that works as intended, either completely or partially, without the assistance of humans. In addition to relieving humans of physical work, automation also includes taking over the organizational and control processes necessary during the course of a work process. A self-actuated programmed sequence must be ensured during the automatic execution of individual processes. The tasks of humans then are limited to monitoring and intervening in the event of interruptions and malfunctions of the automatic systems.

The degree of automation and the flexibility of a manufacturing system are of great importance in automation projects. While the degree of automation describes the involvement of humans in the work process (0% degree of automation means that the worker must always be continually present for the process to progress, while 100% degree of automation means that no worker need be present), flexibility describes the capacity of a device to process components with different geometries and execute different operations. Low flexibility (approx. 0%) means that only identical or very similar parts can be processed, while high flexibility (approx. 100%) means that a large number of different geometries and operations can be processed and executed. Thus, flexibility and degree of automation are mutually exclusive.
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A high degree of flexibility of the operating equipment is required, particularly for small batch production. For this reason, universal machines are used whenever possible, but this generally excludes a high degree of automation. Also, universal machines can be better utilized in small batch production. In contrast, systems with a high degree of automation, but less flexibility should be used for large-scale production. These systems often produce only one component over several years, e.g., brake discs in the automotive sector (vgl. Martin 2013, S. 185).

The planning of new production processes must, in particular, reorganize the components materials, processes, and logistics and combine them in such a manner that more economical solutions are designed, taking into account boundary conditions such as novel materials (carbon fiber composites). Here, joining processes must be used in which the rivet is drilled and automatically fed on one side and the counterpiece, the collar, is automatically placed on the other side. This requires new developments in robotic tools that are capable of performing a wide range of different operations.

Today, solutions that enable the development, production, and commissioning to be carried out in the shortest possible time are increasingly being sought. The associated changes in production requires new types of assembly and component manufacturing concepts.

These production concepts must meet the following boundary conditions for process automation:

· small production areas,
· automatic loading and unloading of components, by handling systems such as robots, if possible,
· automatic, ﬂexible, and high-precision fixation systems for components,
· precise positioning of a riveting machine and component,
· fully automated processes and CNC control,
· high processing speeds, and
· high repetition accuracy as well as high positioning accuracy (vgl. Martin 2013, S. 186).


2.5 Coatings
A large number of components, particularly components made of non-corrosion resistant materials, are provided with coatings in order to specifically improve properties such as corrosion protection and to create the optical impression and appearance. According to DIN 8580, coating technology is a group of manufacturing processes in which firmly adhering layers of formless materials are applied to the surface of a workpiece to improve its properties and appearance. A coating involves one or more layers of varying thickness that are applied to the surface of a workpiece.










Coating tech[image: ]nology This is used to achieve optical effects and improve the properties of the material (e.g., increase the corrosion resistance of the material).


 A distinction is made between chemical, mechanical, thermal, and thermomechanical processes.
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Figure 2.38 above shows the classification of coating processes according to DIN 8580 (vgl.
o. V. 2003). The respective coating processes are essentially differentiated by the state of the coating material and the method of application.

Only painting technology will be discussed in the following, as this is one of the most significant coating processes in automobile and aircraft manufacturing. The intention here is to achieve optical effects and improve corrosion resistance.

Painting Technology

Paint gives that special look to an automobile or aircraft. However, paints also have the important task of increasing the corrosion resistance of an object.

In automobile manufacturing, the metallic car bodies are painted after the body construction and welding process. The paints are built up on the steel body in subsequent steps:

· pre-treat with phosphate salt solutions (spraying and dipping), build-up of a crystalline metal-phosphate layer,
· apply anti-corrosion primer to prevent corrosion,
· apply filler to smooth out irregularities (alkyd resins),









· create the paint layers for coloration (water-soluble), possibly with effects such as metallic, pearl effect, etc.,
· apply clear coat (acrylic resins) to protect against mechanical, chemical, and environmental stresses.

In aircraft manufacturing, painting is the last manufacturing step within production before delivery. This painting process is very complex due to the large areas involved. The painting process, for which ten to twelve working days are scheduled depending on the size of the aircraft, places the highest demands on workers and technology. The aircraft must be completely housed in a hangar for the painting process. The hangar must be air-conditioned due to the high demands on the quality of the painting. For example, the area to be painted on an Airbus A380 is approx. 3,100 m2 for the fuselage and approx. 850 m2 per wing.

The paint layers are built up as follows: The aircraft is first protected with a base primer, followed by the application of the top coat. Light is crucial for a high-quality painting result. For this reason, it is typical for paint shops to be largely windowless. The required lighting concept positions lighting on ceilings, walls, and platforms and provides glare-free artificial light.

The paint is applied with electrostatic spray guns using the airless method, which ensures an even and high-quality surface finish. Since the processing involves complex curable two-component plastic coatings, it must be taken into account during the painting process that the pot life of the paint and the drying only allow for a total time of less than two hours per spray pass. A large aircraft such as the A380 cannot be completely painted at once, but only one section at a time.

This means that the wings, tailplane, and fuselage are painted separately. Nearly one ton of paint is processed per aircraft (A380). The average total layer thickness is approx. 140 µm. For drying, the hangar air must be heated to temperatures above 30°C as much is as possible.



Main Manufacturing Groups according to DIN 8580





[image: ]


2.6 Changing of Material Properties


In many cases, the properties of construction materials in machine manufacturing, automobile manufacturing, and aircraft manufacturing must be changed. For example, surface hardening processes in many areas of dynamic, highly stressed workpieces are used as manufacturing processes. Other manufacturing processes in the main group of changing of material properties (vgl. o. V. 2003) are heat treatments and thermomechanical treatments.


Changing of material properties
As a rule, the aim is to improve the properties of the material (particularly hardness and toughness).










[image: ]
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Figure 2.40 above shows the manufacturing processes for the changing of material properties. Only the group “hardening by forming” will be briefly discussed here, as well as the shot peening process for surface hardening. The other processes mentioned will not be discussed here. In particular, it must be considered that the processes of heat treatment and thermomechanical treatment are generally part of the teaching in materials engineering. The processes of sintering, firing, magnetization, irradiation, and photochemical processes are of only minor significance in manufacturing technology.	Comment by Translator: Translator:  DE source text has 2.44, rather than 2.40, as the table above shows.


Shot peening (also called shot blasting) is used on dynamic, highly stressed components in automobile and aircraft manufacturing. Here, the components are bombarded on the surface with small balls (0.2 – 1.0 mm) made of steel or glass (e.g., steel balls for steel components, glass balls for aluminum or titanium components) (similar to abrasive blast cleaning). The impact of the beads at high velocity generates a large number of micro-deformations on the surface of the component, which create a residual compressive stress field in the boundary zone with a shallow depth (approx. 1.0 mm). This residual compressive stress field has an extremely favorable effect on the fatigue strength and the cracking problem of components subjected to oscillating loads and also leads to an increase in corrosion resistance.

Overall, a diverse range of properties can be improved with shot peening, such as:


· increase in fatigue strength (up to approx. 100%),
· improvement of corrosion resistance (up to approx. 100%), and
· improvement of wear resistance (up to approx. 50%).

The processes of hardening by forming, such as shot peening or hardening by rolling, drawing, or forging, are particularly applied with success in automobile and aircraft manufacturing on components subjected to high dynamic loads.

Summary

Shot peening
The aim is to improve the fatigue strength of materials in a targeted manner by introducing compressive residual stress fields in the surface.

The main manufacturing groups and the associated significant manufacturing processes according to DIN 8580 for machine, automobile, and aircraft manufacturing are presented in this unit. Due to the large number of manufacturing processes within each individual main group according to DIN 8580, only a small number of manufacturing processes are described within this unit.
The main group “primary forming” considers the casting and sintering processes in detail. In the main group “forming”, some of the more significant manufacturing processes such as drop forging, deep-drawing, and stretch forming are represented. In the main group “separating”, cutting (punching technology) and the machining processes such as machining with geometrically defined cutters, e.g., turning, drilling, milling and machining with geometrically undefined cutters, such as grinding, honing, lapping are explained.
 











The main group “joining” considers assembly technology with riveting and welding technologies as well the subgroups of fusion welding, pressure welding, and adhesive bonding technology. 

Only painting technology is addressed within the scope of the main group “coating”. In the main group “changing of material properties”, only the manufacturing process, shot peening is discussed. The other manufacturing processes in this main group are generally taught as part of materials engineering.

Also in connection with the introduction of the Industry 4.0 philosophy, another important aspect is the automation of assembly technology. Assembly technology is poised to take yet another big step forward through automation, for example, in automobile and aircraft manufacturing. The ongoing efforts in automation technology have already produced great successes in many areas in the past.
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STUDY GOALS

After completing this unit, students will know ...

... what the significance, advantages and disadvantages of additive manufacturing processes are.
... how process chains of additive manufacturing look.
... what the development trends in additive processes are.
... how additive processes can be used in real production.
... what the market developments and visions for additive processes are.
... whether current expectations of the technology are already being met.
... what the main influencing factors that determine the costs in additive manufacturing are.
... how conventional processes compare with additive processes.
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3. Additive Manufacturing Processes


Introduction
As part of the decision to use a manufacturing process, aspects of the required quality (accuracy, surface), the quantities, and the quantity performance, as well as the costs must be clarified in advance in order to select the suitable alternative. The decisive factor here is how the final contour for the molded body to be produced is generated in the various manufacturing processes and whether near-net-shape production is feasible. For this purpose, manufacturing technology offers a wide range of processes (vgl. DIN 8580) that work with different boundary conditions and results in terms of the above-mentioned criteria of quality, quantity performance, and costs.

The costs must also include the one-time costs, e.g., for setup procedures, jigs, workpiece holders, tools, etc., that can generally be relatively high in comparison with the production costs per piece for individual or small batch production.
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Additive manufacturing processes
These have the advantage of manufacturing components directly from the CAD data.








Manufacturing processes 
The additive and subtractive manufacturing processes are used for forming.

Particularly in the case of additive manufacturing processes, the amount of one-time costs is generally low, since the data preparation for the geometry is generated from the CAD data via software programs and the costs for setup procedures are usually low or do not occur. Likewise, additive processes generally incur no or only very low costs for jigs and tools, workpiece holders, etc. Typically, no speciﬁc tools are required. Therefore, these costs are usually extremely low compared with conventional manufacturing processes such as casting, forming, machining, etc. However, the production times are often very high, since additive processes involve layer upon layer construction with a great number of layers (vgl. Berger/Hartmann/Schmid 2013, S. 8–22).


3.1 Basic Principle and Legal Aspects
In additive manufacturing processes, the component is built up successively and layer upon layer to the final contour by creating the cohesion. Conversely, in conventional manufacturing processes (subtractive manufacturing processes), the final contour is often created by subtraction. In machining processes, e.g., the material is removed in the form of chips at high speed in order to achieve a final contour. The standard DIN 8580 defines the concept of cohesion (creation, preservation, reduction, and increase) in the manufacturing processes: Cohesion is created in manufacturing processes such as casting, sintering, etc., preserved in forming processes, reduced in separating manufacturing processes, such as cutting (punching), machining or removal, and increased in joining manufacturing processes (assembly, welding, soldering, bonding, etc.).
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Additive manufacturing processes belong to the “creating cohesion” group. While the conventional manufacturing processes for creating molded parts with a geometrically deﬁned form have a long history, additive manufacturing processes were only developed in recent times. The origin goes back to a U.S. patent (“Apparatus for Production of Three-Dimensional Objects by Stereolithography”) with the Patent Number 4,575,300 of inventor Charles W. Hull from 1986. The additive manufacturing process of stereolithography was patented here. This involves the surface of a liquid plastic (Duroplast with a curing agent mixed in) being selectively coated zone by zone with a laser beam, whereby the plastic heats up locally and is crosslinked by its curing system. A solid is formed layer upon layer. The process is complete when all layers have been produced. The plastic that is not crosslinked remains liquid. The component is then removed from the liquid plastic bath.

The data required for geometric control of the laser’s movement comes from the CAD dataset for the component. The geometric data for each of the individual layers to be created must be generated by software. Thus, no molds or tools are used, the costs of which can sometimes be considerable for production using conventional manufacturing processes.

Additive manufacturing processes have developed rapidly in recent years. In the meantime, applications have been divided into the following groups

· Rapid Prototyping
· Rapid Tooling
· Rapid Manufacturing

In the first few years, rapid prototyping components were mainly produced for use as prototypes, functional models, and illustrative models. At the same time, applications for rapid tooling quickly developed (e.g., production of casting molds made of sand or metal and cores made of sand and plastic, as well as plastic injection molds, metal forming dies, etc.) Likewise, fields of application also arose for the rapid manufacturing of structural components made of metals and plastics, among other materials. Notably, the number of applications in the field of rapid manufacturing is currently still very low, but this group of processes is growing at a quickly increasing rate (vgl. Gebhardt 2016).

The main economic field of application in rapid manufacturing is in individual and small batch production, and not in large series or mass production. In particular, the production of components made of metals and plastics for individual prosthetics in medicine, the production of replacement parts for older components of devices, machines, automobiles or aircraft, and the production of components for small batch and individual production in automobile and aircraft manufacturing are ﬁnding an increasing number of applications (vgl. Fastermann 2014, S. 27–47).









In 2016, Airbus received a certification of airworthiness for metallic components made of titanium alloys in the primary structure for the A350 aircraft from EASA (European Aviation Safety Agency). Figure 3.1 below shows a bracket made of a titanium alloy for this aircraft, produced by Additive Laser Manufacturing (ALM) or Selective Laser Melting (SLM). The processes of Selective Laser Sintering (SLS) and Selective Laser Melting (SLM), as well as Selective Electron Beam Melting (SEBM) are expected to provide even greater impetus for the field of additive manufacturing in the future (vgl. Schmid 2015, S. 9–27).
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Additive manufacturing (AM) users can be found in a wide variety of industries and applications, including:

· automotive,
· machine manufacturing,
· aerospace (individual production and small batches),
· medical technology (dentures, prostheses),
· consumer products,
· jewelry industry.

The applications in these industries are already very diverse. The special charm lies in the drastic reduction in inventory storage, since the components are manufactured “on demand”. In addition, no specific workpiece devices, tools, etc. are generally required for these components. Therefore, these components can be manufactured by anyone “anytime and anywhere” (vgl. Lachmayer/ Lippert/Fahlbusch 2016, S. 5–18).
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The production of components using additive principles is directly carried out on the basis of 3D CAD data with the following important aspects:

· shaping is done by the addition of material, not the reduction
· the material is formless material,
· construction occurs layer upon layer, and
· no shaping tools are needed.

For example, components or replacement parts can be manufactured at almost any point on earth, regardless of the OEM’s (Original Equipment Manufacturer) headquarters or its local offices. The data is sent via the Internet to the user of the additive process, who can be based anywhere. The component is built directly at the place where it is to be used and can then be used or installed.


However, due to the extremely quick development of the process, this group of additive manufacturing processes must also handle a number of legal challenges that have not been clarified yet. In detail, these are the topics

· intellectual property and industrial property rights,
· producer liability, and
· safety requirements according to CE directives.

The legal issues mentioned above have risen due to the allocation of work in the development, design, and manufacture of additively manufactured components by various parties. 

It is common for the developer and designer to define various boundary conditions and properties for the material (composition, components, strength, cracking problems, environmental compatibility, etc.) as well as the various requirements for the use of the component, which must be met by the production company. The designer, as the person responsible for the suitability of the component, has no means of verifying compliance with all the requirements due to the distance between the developer and the manufacturer as well as the possible anonymity of the manufacturer. Who now assumes responsibility for assuring the specifications of the OEM?

How can it also be ensured that copyrights such as intellectual property protection in the form of patents and utility models can be complied with? Immediate registration of such protected components is necessary because all geometric data is available in the form of programs that are also exchanged between the designer and the manufacturer, or the OEM and the supplier, or are generated by third parties with the aid of scanners. It is essential that a contractual agreement be made between the designer and the manufacturer regarding the component-specific production data on additive manufacturing equipment, as well as the use of patents and utility models. An increase in product piracy seems to be pre-programmed here.



Legal challenges
For additive manufacturing processes, a number of questions have risen regarding legal challenges such as intellectual property protection, liability issues, and CE directives.









Furthermore, the question of liability arises for additively manufactured components in the event of personal injury or damage to property. What is the cause of a possible failure and who is responsible if damage occurs because the components have not withstood the load or the properties of the material or the component are unsuitable? The causes can be diverse and can lie on both sides (OEM or supplier). In the case of design faults, it is difficult to identify material problems or problems in production and the source of these problems. Clear specifications and rules for design, production, and quality assurance are required to ensure this.

When it comes to the question of safety requirements for additively manufactured components in accordance with European CE directives, such as the medical technology or toy directives, various other legal questions arise. How can the designer and the manufacturer of the component exclude an existing safety risk or health hazard, particularly if qualiﬁed tests, such as for type approvals, are necessary for use and operation? How can the properties of materials, the geometries, and the fulfillment of the functions be precisely deﬁned so that the above-mentioned deviations from laws and regulations are already detected during manufacture?

Such legal issues exist even today when conventional manufacturing processes are used between the designer and the manufacturer. These questions are extremely significant and normally need to be clarified. These issues are typical to the automotive and aircraft industries. Here, the legal relationship between the automobile manufacturer (OEM) and the supplier is very important with regard to the rights of use of components, as well as their properties, quality, and accuracy. It is well known that particularly in this legal relationship, the OEM essentially takes legal action on the basis of the contracts against the supplier for any deviations from the required quality and the required properties as well as for damages and liability. It must also be considered that these types of systems, such as in automobiles and airplanes, have approvals that are granted on the basis of testing the materials used and the manufacturing processes applied to the components. Any changes to the materials or properties will result in a loss of approval. For additive manufacturing processes, there is certainly still a need for a variety of legal clarifications (vgl. Witt/Wegner/Sehrt 2015). The following is an overview of the most important additive manufacturing processes.


3.2 Stereolithography (STL)
Stereolithography (STL) is a manufacturing process realized in an early phase in the development of additive processes. Stereolithography involves the layer upon layer construction of a workpiece by crosslinking curable plastics, primarily Duroplasts. Figure 3.2 below shows the principle of the process. Its essential components are the tank with a liquid photosensitive or a heat-sensitive polymer (generally a Duroplast, e.g., epoxy resin) into which a curing agent (hardener) is mixed, a build platform,
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which is height-adjustable in increments (approx. 0.05 to 0.3 mm, depending on the application) and is moved downward as the construction progresses. Additional essential components include a laser with X/Y control that supplies the energy required for the chemical reaction of the polymer and a software-controlled mirror that deflects the laser beam in the X/Y direction. In this process, the light curing or heat-curing Duroplast, e.g., epoxy or phenolic resin, is explicitly cured in thin layers by a laser beam using heat or UV light. During this process, the workpiece is located in the still liquid plastic bath (tank). The laser beam is guided specifically over the polymer surface with the geometric data of the respective component layer. Where the laser meets the polymer surface, energy (heat or UV) is applied and a chemical reaction of the hardener with the polymer is initiated. As a result, atomic bond bridges are built up in the polymer, which give the polymer its strength (vgl. Berger/Hartmann/Schmid 2013, S. 138–144).


The component with its three-dimensional structure is created by successively building up the layers. In some cases, supporting structures are necessary and are also built by the laser as ancillary elements since the plastic structure can be comparatively soft, particularly if it requires thin layers. After completion of the building process by building up the crosslinked layers, the finished component is lifted out of the liquid polymer with the aid of the build platform and can be reworked. In general, after the layer upon layer construction is completed in the plastic bath, the component must be additionally cured by heat or in UV light. The component is then cleaned with solvents. In principle, stereolithography enables high precision, even for components with nominal wall thicknesses as well as for ﬁligree and fine structures.

Resin residues and any supporting structures must still be removed after the actual building process in the STL system. This is often followed by mechanical machining and possibly surface treatment.


Stereolithography Here, a liquid plastic (Duroplast, epoxy resin) is crosslinked by the action of, e.g., a UV light beam (from a laser).










[image: ]

The achievable accuracies with this process are approx. 50 µm. Figure 3.3 below shows the data ﬂow from the CAD system (Computer Aided Design), where all geometric data of the component are stored, to the CAM system (Computer Aided Manufacturing), where the geometric data of the component are converted into movement data for the laser beam and build platform.
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Figure 3.4 below shows a model of a gearbox housing built using STL methods.
[image: ]









Compared to other additive processes, stereolithography is the oldest and most mature process. The accuracy as well as the surface quality are at a high level.

In many cases, light-curing photopolymers based on epoxy or acrylic are used as materials. The plastics are initially liquid at room temperature, but are then selectively polymerized by the laser beam. The plastic materials are usually mixed with common plastic additives to achieve required material properties. The material costs are relatively high for stereolithography. Furthermore, additional material is consumed for printing supporting structures.

The most common resins used are curable epoxy resins. The mechanical properties to be mentioned in particular are high strength, low impact sensitivity, abrasion resistance, high dimensional accuracy, high adhesive strength, and flexibility. Epoxy resins have favorable mechanical properties as well as good electrical insulation properties, and sufficient heat resistance. Acrylic resins are also used since they are considered to be easy to process and have high weather resistance.


3.3 Selective Laser Sintering and Selective Beam Melting with Laser or Electron Beams
In the additive process selective laser sintering (SLS), a metal powder, whose particles are coated with plastic, is built up into a solid form by melting the plastic layer. In contrast, selective laser melting (SLM) or the electron beam-based process, selective electron beam melting (SEBM) uses a high-energy beam (laser or electron beam) to melt a plastic powder mixture or a metal powder mixture (at high temperatures) and bond it to the underlying layer (vgl. Berger/Hartmann/Schmid 2013, S. 105–112). Figure 3.5 below shows a schematic diagram of the SLS process.
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The most important aspect of selective laser sintering is that this process is no longer limited to metal powders coated with plastic. Materials such as metals can also be used, whereby they can be superficially melted and then bonded by diffusion.

The process of selective laser sintering involves material particles in powder form being superficially melted together. In addition to plastics, metals can also be processed in powder form. This is also possible with sand grains, which are mainly coated with polymers and bonded together by the process. Thus, it is relatively easy to produce sand molds for casting technology.










[image: ]
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The sequence of process steps for selective laser sintering of polymer-coated metal particles is shown in Figure 3.6 above. The sequence and setup are similar to the stereolithography process. The main difference is that no liquid plastic is crosslinked here, but rather metallic powder particles that are externally coated with plastics. Pre-treated metal powder with a polymer coating is located in the building area of the device. The laser beam is directed layer upon layer in the X/Y direction. Due to the action of the laser, the plastic layers of the metal particles are externally crosslinked and the powder particles bond together. After the layers have been produced, the build platform is lowered by one increment and fresh powder is distributed with the aid of a roller to crosslink the next layer. The component is built up layer upon layer in this way. After completion of the component with crosslinking of the plastic surface layer of the powder particles, heat treatment occurs in the sintering furnace. In this process, high temperatures are used to expel the plastic content (the macromolecules of the plastic layer burn off) and, at the same time, an atomic bond is formed between the metallic powder particles by diffusion, which holds the particles together and thus builds up the strength of the structure. 

Since SLS is an extremely interesting manufacturing process, particularly in the area of individual production and small batches, it has already begun to establish itself in many industries. There are already many applications in the fields of rapid prototyping, rapid tooling, and rapid manufacturing.

In addition, metallic powders can also be melted. A distinction is made between two variants of beam melting of metallic powders. The first is the variant with a laser beam and the second is the variant with an electron beam (Selective Laser Melting or Selective Electron Beam Melting).

It can be said that the variant with the laser beam is used much more frequently. In contrast, the variant with the electron beam has the boundary condition that work must be carried out in a vacuum due to the electron beam and as a result, there is no influence of ambient gases on the material to be processed at high temperatures (vgl. Schmid 2015).

In addition to the core process, larger plants have the capability for automatic handling of the powder and the powder recycling, as well as the automatic powder preparation and powder transport. A wide variety of materials, such as steels in a wide range of alloys, as well as alloys of aluminum, titanium, etc. are processed with this method.

When working with metallic powders by fusing, the additive construction of the component by direct selective beam fusion of the metallic particles with the laser (SLM), or an electron beam (SEBM) and the bonding with the underlying layer is an important prerequisite. In contrast to the SLS process, which builds up layers of metallic powder by crosslinking plastic layers of the particles in the two-dimensional working plane, the metallic particles of the powder are directly fused together in the SLM and SEBM processes.
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The selective beam melting processes (SLM and SEBM) are very similar to selective laser sintering (SLS). The material to be processed is prepared as metallic powder in layers and directly fused with the high power density of a laser or an electron beam and without the involvement of a developer layer (as in the SLS process with plastic). The powder of the thin layer to be processed (approx. 50-150 µm) is fused with the underlying layer and forms a homogeneous zone with the base. The powdered material is completely melted locally using a laser or electron beam and, after solidification, forms a solid layer of material that is firmly bonded to the base. At the end of each step, the build platform is lowered by one layer thickness and then the powder is applied again. This process is repeated until all of the component layers have been produced (vgl. Fritz 2018, S. 119–122). Reworking includes cleaning the component and removing the excess powder.

As in the previously described processes, The data for the movement of the beam (laser or electron beam) is generated from the 3D CAD data of the workpiece. The process generally occurs under the effect of a protective gas or in a vacuum to avoid the influence of ambient oxygen and nitrogen gases.

Based on the achievable densities of the material in a range up to approx. 99%, the properties of the components generally correspond to those of conventionally manufactured workpieces. Particularly in lightweight construction, it is also possible to work with bionic designs. As a rule, the bionic designs allow for a lower weight since
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the design is adapted to the load. This can reduce weights to an extent that would not be possible with conventional methods.

Another major advantage compared to conventional processes is that tools and molds are no longer required, thus saving costs and time for development and manufacture.


3.4 Fused Deposition Modeling (FDM)


Fused Deposition Modeling (FDM) is an additive manufacturing process in which a component is built up layer upon layer from a meltable plastic (thermoplastic). Figure 3.8 below shows the structure of an FDM system. The manufacturing equipment includes a build platform that can be moved (lowered) in the vertical direction (Z). In addition, there are one or more injection heads (FDM head), each with a heatable nozzle that applies a heated pasty thermoplastic or wax to the build platform. The spray head uses a motor to draw in the material from a material spool on which the plastic or wax is wound. The plastic is heated in the FDM head to a viscous state. The FDM head is movable in the X and Y directions and is therefore able to generate geometrically specified layers as a molten mass layer using the controlled nozzle movement (vgl. Berger/Hartmann/Schmid 2013, S. 131–136).

Fused deposition modeling
Here, a filament of heated thermoplastic is laid in layers to build up the molded body.










[image: ]
The material is drawn into the FDM head by an extruder and heated electrically. The plastics are melted from the solid state and processed into a pasty mass in the FDM head. Based on the pressure situation in the FDM head, the material is injected onto the build platform. In the process, the layers are created one after another and the component is built up.

The material cools and hardens at the desired position on a grid in the working plane. Once the injection process is completed in one working plane, the build platform lowers by one increment (approx. 0.025-1.0 mm) and the next layer is built. As with the other processes, the component is produced layer upon layer. The achievable accuracies are approx. 0.1–0.15 mm.

Molding waxes and thermoplastics or thermoplastic elastomers can be used for the FDM process. The advantages lie, e.g., in the generation of:

· components with high accuracy,
· components for demanding tests and harsh environments,
· fasteners,
· tools,
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· prototypes for the automotive and aerospace industries, and
· prostheses for medical technology.


3.5 Multi-Jet Modeling (MJM) and Poly-Jet Modeling (PJM)


In the additive manufacturing process Multi-Jet Modeling (MJM), also known as Poly-Jet Modeling (PJM), liquid plastic or wax is applied as a layer to the build platform or to a previous layer using a print head, similar to inkjet printers. The plastic or wax cools and becomes solid. In addition, plastics that are UV light-sensitive and are cured with UV light can also be used. Systems with multiple nozzles are also commonly used. The liquid base material is sprayed in fine drops using single or multiple nozzles to build up the layers. Multiple print heads can also be used to apply different materials and colors in tandem (vgl. Berger/Hartmann/Schmid 2013, S. 92). Figure 3.9 below shows the functional principle of multi-jet modeling.

[image: ]

The build platform lowers after completion of the layer and the next layer is built. Suitable supporting structures are typically used for material overhangs. Also, the material for the component material and the supporting structure can be processed simultaneously using multiple nozzles.

Multi-Jet Modeling (MJM)
In multi-jet modeling (MJM) or poly-jet modeling (PJM), liquid plastic or liquid wax is sprayed onto a surface and a molded body is built up layer upon layer.









The component materials are typically thermoplastics used as photopolymers and waxes. The photopolymers can be cured by UV lamps. The supporting structures are often made of waxes that can be easily melted off. Components produced by the MJM process have adequate strength and high accuracy.

Another possibility of the MJM process is to spray an adhesive onto a layer of a powdery base using a jet process. The powder is bonded as a substrate and a solid structure is formed. The component is thus formed as a layered structure. Supporting structures are not necessary, since the component is completely encased by the base until completion. The component material can also be any powder that is crosslinked with an adhesive, such as metal or glass powder. This produces a component from the base that can then also be additionally sintered. The adhesive burns off during sintering and a solid metal or glass component is produced.

Due to the pores created by the burning of the adhesive during sintering and because the density is only approx. 60%, other materials can be penetrated, such as liquid metals in metallic structures or plastics in glasses and other materials.


3.6 3D Printing Process (3DP)
The 3D printing process is used to manufacture three-dimensional components using additive principles. This means that the three-dimensional components to be printed are also built up layer upon layer.


3D printing process Here, e.g., plastics in powder form are sprayed layer upon layer with a bonding or crosslinking agent and a molded body is built up.

The 3D printing process was originally developed at the Massachusetts Institute of Technology (MIT, Boston, USA). 3D printing systems have been commercially available since around 1994. This is a powder-based process that selectively solidifies powder locally layer upon layer. The powder is dispensed onto the build platform in thin layers. A bonding agent is injected into the powder layer with a piezo injector. The effect of the bonding agent turns the powder layer into a solid material, which also bonds with the substrate. Thus, the component is built up layer upon layer. The powder, which is not bonded, remains in the build space, stabilizes the component, simultaneously performs a support function, and is available for further building processes (vgl. Berger/Hartmann/Schmid 2013, S. 72–86).

Figure 3.10 below shows the functional principle of a 3D printing system. The 3D printing process can be used to build components from a wide variety of materials, particularly from plastics. The essential prerequisite is that these materials exist in powder form and can be crosslinked with a bonding agent or adhesive. The piezo injection unit supplies the bonding agent or adhesive in dosed quantities. The dosing quantities can be specified in the unit software. Materials in powder form, such as metals, 
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ceramics, sand, or plastics can be used as materials for the component. These materials must be able to be wetted by the bonding agent or adhesive.

This process can also be used to produce molds for casting processes, e.g., for sand casting. The porosity and gas permeability created by the building method with the sand is quite significant for the casting process. This is because the gases are released during the solidification of the metals, which are usually transported through the porous sand structure and must not be allowed to interfere with the casting and solidification process in the mold core.

As in all of the above-mentioned processes, the component is built under computer control from one or more liquid or solid materials according to specified dimensions and shapes designed using CAD systems. The CAD data are an important prerequisite for generating the data required for the layer geometries applied during the building process, and thus the movement data for the print head.

Overall, 3D printers are now used in a wide range of industries and research. Likewise, such systems are also used in the private sector and in art.
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Initially, 3D printers were primarily used for the production of prototypes and models. In later years, the process was also used for the rapid production of plastic components, particularly for the manufacture of workpieces that were only required in small quantities.

Several fundamental advantages over competing conventional manufacturing processes have led to the increasing popularity of additive processes in recent years. As a result of the increasing experience, additive processes have also been used in the production of individual items and small batches. For example, when compared to injection molding, these processes have the advantage of not requiring the time-consuming production of molds or mold changes. When also compared to the processes in which the material is removed by machining or other processes, such as punching, milling, turning, or drilling, additive processes, and particularly 3D printing, have the advantage of a reduced number of necessary manufacturing operations.


3.7 Laminating Process
Other processes in the group of additive processes are:


Layer Laminated Manufacturing (LLM) Here, rolls of paper, plastic, or similar material are cut with a laser and glued.
· 
Layer Laminated Manufacturing (LLM) and the
· Layer Object Modeling (LOM).

In these processes, the respective building material is cut out as a material, e.g., paper, plastic films, or metal foils, and applied layer upon layer to the build platform or later to the underlying layer using adhesive technology or polymerization. In this process, the thin foil or film layers are either glued or polymerized to form a strong bond. Metal foils can also be used to build 3D structures. Steel, aluminum, or titanium foils are used for this purpose. For example, the metal foils are bonded together using adhesives or welding processes such as laser beam, diffusion, and ultrasonic welding (vgl. Berger/Hartmann/Schmid 2013, S. 121–130).	Comment by Translator: Translator:  The German base word Folie is translated as foil in the context of metals and as film in the context of plastics.

Laser cutting devices for metals, or cutting wires for plastic films, and even milling equipment are used to produce the foils and films in their deﬁned geometries. This prepares the respective foils and films made from the chosen material.

Figure 3.11 below shows a corresponding laminating device for LLM or LOM. Laminating processes of this kind, with the component being built layer upon layer, are particularly suitable for producing solid and large components. These processes can be used particularly cost-effectively in these boundary conditions.

Laser cutting devices can be advantageously used to cut the foils and films from the respective material chosen. Compared to other processes, the geometry of the components is limited since it is difficult to cut undercuts and recesses.
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In addition, it must be taken into account that the mechanical strengths vary in the direction of the foil or film and perpendicular to it, since the strength is determined by the respective foil or film material or adhesive bond. This results in a substantial anisotropy (directional dependence of the properties). The cost of reworking the geometry and surfaces is also very high.
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In this case, foil and film areas such as cutouts and holes can usually only be removed manually, which is generally associated with additional labor and costs.

In addition, shallow bevels can only be produced on continuous surfaces and with great effort, since the cutting devices typically cut perpendicular to the film. The situation is different with milled foils, since the contours can be adjusted by positioning the milling cutter. This does not apply to milling processes, because the areas not belonging to the component can be cut. In all cases, components made of paper must be additionally treated to protect them from delamination. Compared to other additive processes, the effort required for reworking is relatively high overall.










3.8 Mask Sintering


Selective mask
sintering (SMS) 
Here, a mask with an integral infrared light process is used rather than a punctiform beam that applies energy to plastic particles to be crosslinked,
.

Selective mask sintering (SMS) is an additive manufacturing process in which a plastic powder is applied layer upon layer to the build platform or an underlying layer and selectively melted by means of a planar infrared (IR) emitter. For this purpose, masks are used that exclusively direct the energy of an IR emitter to the area of the plastic layer to be melted. Outside the exposed area, the plastic powder remains in its original consistency and serves as a support material in case of overhangs. The non-crosslinked powder can be used for further production cycles. The total radiation interval is approximately 10–20s. During this time, the surface layer is melted and bonded to the underlying layer. The geometric component information for the individual layers is not implemented by means of movements of the energy source, rather the geometric area to be heated is specified by the respective mask pattern (vgl. Berger/Hartmann/Schmid 2013, S. 113–116).

The mask patterns are created layer upon layer. For this purpose, a glass plate is coated with toner and selectively exposed in order to allow the light to pass through at the points where the plastic powder is to be melted in the build space. In the other areas, the toner prevents the IR light from passing through. The process of coating the mask pattern with the toner is electrostatic, comparable to the principle of a photocopier. After exposure of the mask pattern, it is inserted into the build space. The component layer is heated by the IR light and melted. The glass plate is then drawn out, removed of toner by a wiping mechanism, and covered again with toner for the next layer of the component.

The plastic powder particles used in selective mask sintering have a size of approx. 20–100 µm in diameter. The particles are packed closely together in the powder bed. The exposure process is integral to the IR light source and the use of the mask imaging is integral to the geometry, which melts the plastic locally. Solidification occurs due to cooling after thermal conduction. The powder particles that have not been melted are used as support material and removed after completion. After completion of the respective layer, the build platform is lowered and another cycle begins (vgl. Berger/Hartmann/ Schmid 2013, S. 113–116).

Figure 3.12 below shows the selective mask sintering process in comparison to selective laser sintering. The advantage of the SMS process is the integrable exposure of the entire component surface over the mask pattern. In contrast, the SLS process requires that each point of the surface to be crosslinked must be traversed. The SMS process is therefore generally faster than the SLS process in terms of time.
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Another variant of selective mask sintering is the use of imaging optics. In this process, the IR light is emitted by an IR light source and mirrored by a mask carrier with the geometric layer information. As described above, a toner mask, which contains the geometric layer information, is optically created on the mirror (burning in of the toner) with light. The advantage of this method is that the mask and the radiation source can be positioned outside the build space and the high-energy IR light can be guided into the building space via mirrors.


Summary
Additive manufacturing processes include a group of processes in which the component is successively built up layer by layer as part of the manufacturing process until the final contour is achieved through the creation of cohesion. In contrast, conventional manufacturing processes (subtractive manufacturing processes) create the final contour through reduction of cohesion. For example, machining processes remove the material in the form of chips at high speed, while additive processes geometrically build the entire component layer upon layer.











In addition to explaining the technology, this unit also addresses the current discussion of the legal framework. The basic principles and legal aspects of additive processes are explained in detail. Reference is made to the additive processes stereolithography (STL), selective laser sintering (SLS) and beam melting using selective laser melting (SLM) and selective electron beam melting (SEBM) processes, fused deposition modeling (FDM), the multi-jet and poly-jet processes (MJM and PJM), the 3D printing process (3DP), the laminating process with layer laminated manufacturing (LLM), and selective mask sintering (SMS). In the course of the presentation, the processes are described in greater detail and the main features and applications are addressed.


























Unit 4
Rapid Prototyping









STUDY GOALS

After completing this unit, students will know ...

... what significance rapid prototyping has.
... what advantage can be achieved in the development process with rapid prototyping.
... which alternative processes are available for rapid prototyping.
... how rapid prototyping compares to digital mock-up and physical mock-up.
... which additive processes are suitable for rapid prototyping.
... what dimensional accuracies can be achieved.
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4. Rapid Prototyping


Introduction
[bookmark: _Hlk99793054]The aim of rapid prototyping is to produce a prototype of a component for which a CAD design is available in the shortest possible time. At minimum, the prototype should indicate the geometry of the future component and primarily serve as an illustrative model. In the development of complex designs, such as with the front axle, steering, engine, and transmission in automobiles, the installation space is generally densely packed with a wide variety of design elements. In this case, it helps the designer to build prototypes of the individual components in order to check the utilization of the available space for the design. It is also helpful for the components themselves to be available as 1:1 visual models very quickly after the preliminary completion of a design phase for the components involved in a particular area. This is so their position and freedom from each other, even under dynamic movements can be checked (vgl. Gebhardt 2016).


4.1 Definition
Creating geometric prototypes during an early phase of design is preferred, e.g., in order to view visual models, functional models, presentation models, etc. Additive manufacturing processes are particularly suitable for this. 

The properties of the component are usually still of little importance at this point, thus the material from which the prototypes are created is generally not an issue. Generally speaking, the prototypes are created using the stereolithography (STL), 3D printing (3DP), and fused deposition modeling (FDM) processes. The lowest tolerances are achieved in these processes. Thus, layer thicknesses of approx. 0.05 to max. approx. 0.3 mm can be realized. The manufacturing tolerances for these processes are approx. 0.02 mm and the surface roughness is at least 20 µm.

To a large extent, rapid prototyping meets the economic requirements in individual and small batch production. The costs increase significantly for larger quantities. An important feature of rapid prototyping is that tools do not need to be manufactured to create a component, since all additive processes occur without the use of forming dies. This fact saves a substantial amount of time and costs.
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4.2 Strategic and Operational Aspects


An important aspect here, particularly in automobile and aircraft manufacturing, is the development time. Figure 4.1 below shows the development time for the physical mock-up, digital mock-up, and rapid prototyping support methods.

[image: ]
The figure above shows that development times are significantly reduced and quality is significantly improved by the use of rapid prototyping processes compared to a physical mock-up and a digital mock-up. Creating conventional mock-ups also requires considerably longer times compared to rapid prototyping.

Other support systems in the design phase, such as simultaneous engineering (also referred to as concurrent engineering), in which a large number of activities are carried out in tandem, also provide for the production of prototypes. However, rapid prototyping allows the overall times to be further reduced (vgl. Berger/Hartmann/Schmid 2013, S. 27).


Rapid Prototyping This is a process that produces prototypes or models more quickly.










Simultaneous 
Engineering
This is a process in which a distributed, simultaneous development of the different phases
occurs.

 The provision of design models and functional models in particular is extremely helpful for a quick development process.


4.3 Application Areas and Examples
Designers in automobile and aircraft manufacturing particularly appreciate the use of rapid prototyping. The reason for this is the rapid creation of visual and functional models directly from CAD data. The only necessary but automated process is the creation of machine commands and geometric data for the respective layers. This is why rapid prototyping is also particularly advantageous in a large number of other industries.

The greatest significance and the most frequent area of application of rapid prototyping in the early development phase is the generation of models and prototypes. The areas of application are generally found where there is a high degree of complexity in the design. The particular goal here is to balance time and cost, as well as design and functionality. These goals can be achieved with relative ease when using rapid prototyping.

The following factors are essential for the use of rapid prototyping to produce different types of models (vgl. Gebhardt 2016, S. 345–355).

· Design model: requires high level of geometric detail and surface quality.
· Ergonomic model: indicates operating functions.
· Functional model: provides functionality for testing implementation.

Rapid prototyping processes are used in a wide range of industries. In detail these are:

· Household and consumer appliances: checking appearance, function, handling.
· Automotive industry: checking maximum design freedom, component interactions, utilization of installation space.
· Aerospace industry: components with optimized designs and extreme loads.
· Aircraft industry: planning, structural design, and interior design in the model making.
· Healthcare: production of prostheses, implants.
· Machine manufacturing: alternative product developments, particularly for complex designs.
· Architecture: checking appearance, geometries, functionalities, and overall appearance of buildings.

Figures 4.2 and 4.3 below show examples of components for rapid prototyping. The focus is on automobile and aircraft manufacturing.
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Figure 4.2 above shows a model of an automobile engine block. The prototype component was produced using stereolithography. Such models serve designers and engineers as visual models for their concept development.

Figure 4.3 below shows a model of an aircraft (Airbus A380). This model was used as a visual model for the presentation of the aircraft during the development phase.










[image: ]
3D printers are also used to produce architectural models. These models are used to present designs to clients and as exhibits, as well as for presentations at trade fairs or exhibitions.

Such models of buildings are readily available in the architectural field. By using a model, individual details and their effects can be explained in early phases to protect the project against costly expenses for redesign. Design, coordination, and acceptance can therefore be shifted to an earlier phase. Potential planning errors can be identified in an early phase and changes can be initiated in a timely manner.


Summary
The aim of rapid prototyping is to quickly produce a component prototype designed with the aid of a CAD system. These prototypes geometrically correspond to the future component and serve as an illustrative or functional sample. This technique is used in a variety of industries, particularly in the development of complex designs with heavily occupied installation volumes, such as automobiles in the area of front axle, steering, engine, and transmission, where the space is densely packed with a diverse range of elements. In these cases, the designer is supported by the rapid construction of prototypes, e.g., in order to check the utilization and the remaining installation space.
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A variety of strategic and operational aspects result from the application. These include the comparison with conventional prototyping methods using traditional model making and a digital mock-up.

In addition, some application areas and examples from the fields of automobile and aircraft construction, as well as architecture are discussed here. 
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Rapid Tooling









STUDY GOALS

After completing this unit, students will know ...

... what significance rapid tooling has for production.
... how tools in the development phase for plastics technology are used in injection molding.
... which casting technologies in the development phase benefit from mold and core production with molding sands.
... how the direct and indirect production of tools functions.
... how small batches can be produced in plastic injection molding with the use of low-cost molds in high-strength aluminum alloys using selective laser sintering (SLS).
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5. Rapid Tooling


Introduction
In many areas of product development, there is a fundamental need in the early development phase to produce visual and functional models in a simple and quick manner and at low cost. Conventional manufacturing processes usually require high expenditures in terms of time and costs for the production of the necessary tools (e.g., for the casting of metals and the injection molding of plastics). Time and costs can be significantly reduced by using rapid tooling.


5.1 Definition, Strategic and Operational Aspects
Rapid tooling applies additive processes to generate tools for manufacturing processes. The aim is to produce prototypes within a short period using various processes. This involves tools such as molds and cores made of molding sand for casting technology being produced using 3D printing processes as well as metal injection molds for plastics with the help of selective laser sintering (SLS) or laser beam melting (SLM or SEBM) (vgl. Berger/Hartmann/Schmid 2013, S. 30–35).

The most significant application areas for rapid tooling are within casting technology for the production of molds and cores and plastic injection molding technology for the production of mold inserts.

The application area of rapid tooling in the field of casting technology includes the production of molds and cores from molding sand used in traditional casting technology (box molding process) in order to cast prototypes and initial models. In this process, the 3D printing process (3DP) is used to produce sand molds and sand cores from molding sand that, for example, are used as lost patterns or lost cores. Here, a bonding agent is injected into the sand structure with its respective layer using a print head to build up the strength. Another traditional field is plastic injection molding. With this process, tool inserts made of metals for applications in the field of plastic injection molding are produced by selective laser melting. Overall, the SLM process is the most significant application area of generative (additive) manufacturing processes for the production of metallic tools in mold making, particularly in the area of plastic injection molds.

The main reason for using a generative (additive) manufacturing process to produce a mold or mold insert is the possibility of introducing internal cooling channels close to the contour. The special feature of such generatively manufactured molds or mold inserts is improved cooling behavior compared to molds made of solid material. This leads to shorter cycle times and improved component quality due to lower thermal distortion (vgl. Fritz 2018, S. 116–118).
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The following reasons speak for the application of rapid tooling:

· rapid product provision through tools manufactured in a short time,
· short development times for the tools,
· typically uses original series plastic grades,
· low-cost alternative to conventional toolmaking, and
· suitable for small and medium product series.

The rapid tooling manufacturing process is now considered as established in the development fields (Gebhardt 2016).


5.2 Indirect and Direct Processes
In rapid tooling, the indirect production of tools means that a master pattern is first produced using an additive process such as 3D printing. A mold and, if necessary, a core, are then produced from this master patter in a subsequent non-additive process.

With the direct process, sand molds and sand cores for casting technology can be created in an early phase of development using rapid tooling in order to produce initial casts and thus real cast parts. Figure 5.1 below shows a sand core for forming a water jacket used during the casting process of a cylinder head for a combustion engine. Such molds and cores for the casting process can be generated in an early phase using 3D printing (3DP). In this process, molding sand is crosslinked in layers with the aid of a polymer-based bonding agent. The bonding agent is sprayed through the nozzles of the print head onto the sand layer.










[image: ]


Figure 5.2 below shows a complete sand mold with inserted sand core for a first casting of an air distributor for an internal combustion engine. The sand mold and the core were produced from molding sand using the 3D printing process (3DP) in which layers of molding sand from the nozzle of the injection head are crosslinked with a plastic-based bonding agent. The lower section shows the finished casting from an aluminum sand casting.
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Particularly in automobile manufacturing, visual and functional models made from the actual component material are produced in an early phase in engine and transmission design (primarily for aluminum housings). In particular, for models for test purposes must be generated in an early phase so they can also be subjected to real loads during testing that is similar to the future components. For the first tests, executable and loadable motors and gears are needed for testing the drive systems in multiple areas.

Another application is the production of complete inserts made of plastic that can withstand high temperatures as a mold nest for a plastic injection mold in the injection molding of initial models using stereolithography. For this purpose, injection molding is now a common manufacturing process for producing plastic parts for a wide range of applications in the automobile, aircraft, and machine manufacturing sectors.










[image: ]
After the design of a product, the conventional molds are usually produced by a mold maker or toolmaker using tool steels. The final injection molds, which are made of wear-resistant tool steels, always mean high investment costs. Later modifications are only possible with considerable difficulty. Thus, in this production area as well, initial molds for injection molding are produced in an early phase in order to test the first components and optimize the injection molding process. In the process, mold inserts for the tool molds are produced for these prototypes from plastics (suitable for high temperature stress) using stereolithography or from metals using selective laser sintering (SLS) or the SLM process.

The cost of manufacturing mass-produced injection molds depends on a great number of factors, such as the number of mold cores, the size of the components, the desired surface properties, the number of gates, the geometry of the cooling channels, wear due to injection processes, and many others. The cost of such molds, particularly in large-scale production, is extremely high.

The use of preliminary aluminum injection molds with rapid tooling processes for the production of prototypes is cost-effective. Depending on the quantities (up to 30,000 pieces) and the material used, aluminum molds can be used. These molds are additively manufactured using selective laser sintering or the SLM process. Aluminum injection molds also allow the use of fiberglass-reinforced plastics.
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With rapid tooling, development times and particularly the time-to-market can be significantly reduced by reacting quickly and making tools available at short notice. The SLS or SLM processes are the simplest way to produce low-cost aluminum molds, e.g., for smaller pre-series products.


Summary
Rapid tooling is an additive processes application in which tools for manufacturing processes, such as sand molds and cores for casting technology, mold inserts for plastic injection molding, etc., are produced. Overall, producing appropriate models of components from metallic materials at an early phase of product development using casting processes, such as aluminum cast pieces for engines and transmissions in automobile manufacturing is preferred. The aim here is to produce prototypes within a short time at an early phase of development in order to implement initial systems. To this end, tools such as molds and cores made of molding sand for casting technology are produced using 3D printing processes or metallic injection molds for plastics using selective laser sintering or beam melting.

In this regard, additive processes have significant advantages in enabling quick product delivery through rapid development of tooling with original materials.

A distinction is made here between the process of indirect production of tools, in which a master pattern is generated using an additive process, such as 3D printing. This pattern is then used for producing a casting mold and possibly also a core in a subsequent non-additive process. With the direct process, 3D printing is used to create sand molds and sand cores for casting technology in order to produce initial casts and thus real cast pieces.

Also with rapid tooling, the development times and particularly the time-to-market can be significantly reduced by making tools available at short notice. For plastic injection molding, e.g., cost-effective aluminum molds for small pre-series products can be produced in the simplest way using the SLS process.
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Direct/Rapid Manufacturing









STUDY GOALS

After completing this unit, students will know ...

... what significance rapid manufacturing has for future production.
... how to structure tool-free production.
... how just-in-time production without warehousing can be easily realized.
... how new components can be easily manufactured worldwide through local rapid manufacturing service providers.
... that a reduction in time-to-market is easily achievable.
... that development risk can be reduced by rapid functional testing.
... that a reduction in development efforts can be realized by eliminating tools.
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6. Direct/Rapid Manufacturing


Introduction
After the successful development and introduction of rapid prototyping and rapid tooling, the industry quickly recognized that additive processes could also be used for the production of real components, particularly when components are to be manufactured in individual production or in very small batches.
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Rapid manufacturing This is a method of producing components directly from CAD system data without the need for jigs or tools.


Today, rapid manufacturing encompasses a wide range of methods and processes that can be used to produce real components without the need to design and produce jigs and tools in advance. This is the main advantage of additive processes. The costly provision of jigs and tools is not necessary. Components can be produced in individual and small batch production with tool-free production directly from the CAD data. A wide range of materials can be processed, particularly plastics, metals, ceramics, etc. Components with sophisticated metallic alloys, e.g., those with base metals of aluminum, titanium, etc., can also be produced.

Rapid manufacturing makes it possible to produce initial components as pre-series parts before the start of real production. Due to the large variety of materials that can be processed and the CAD data, completely new applications can be cost-effectively implemented with an efficient use of materials. A wide range of applications in areas such as aircraft, aerospace, and automobile manufacturing or the medical are provided by this new type of manufacturing technology (vgl. Berger/Hartmann/Schmid 2013, S. 35–70).


6.1 Potentials and Requirements for the Processes
Additive manufacturing technology has developed very quickly in recent years. The potential it offers is very high. Overall, layer upon layer construction in additive processes appears to be a way forward that is not only tool-free, but also ﬂexible. Of course, these major advantages are also countered by disadvantages. These are the processing speed and production times that substantially increase compared to conventional processes. Thus, a much higher production speed and productivity can generally be achieved with the metal cutting processes and casting technology. Nevertheless, additive processes remain an economical alternative for individual production and small batches. Particular potentials result from the following aspects:

· reduced time-to-market,
· reduced development time and costs through quick realization,
· short-term functional testing of components, 
· reduced cost of development by eliminating tooling,
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· production of geometries that are not possible with conventional processes,
· just-in-time production, thus no warehousing,
· geometry changes possible at any time by changing data,
· optimized and new, as well as complex geometries are possible,
· customer-specific and application-specific products (e.g., patient-specific implan- tates, etc.),
· comprehensive and short-term functional tests possible,
· improved applications possible (e.g., extreme lightweight construction, etc.).

The creation of a high geometric complexity is typically undemanding and easily manageable with additive processes, since the process integrally produces all geometric elements of a component in tandem. Also, particularly with bionic designs, the complex form elements can often be produced much more easily than is possible, e.g., with machining or forming processes. Specific potentials resulting from the following aspects are:

· fast replacement parts production with similar materials, thus shorter delivery times for customer-speciﬁc products,
· production of components at the place of use (without the need for transport),
· simplified possibility to create integral components,
· production of components that cannot be manufactured using conventional technology due to their geometry (e.g., medical technology, biotechnology), and
· new applications in areas such as art, design, and architecture.

It is important that the requirements of the properties included in the design can at least be achieved. Additively manufactured components must be comparable to the achievable properties with those of their conventionally manufactured equivalents (vgl. Gebhardt 2016).

Considerably more complex geometric elements can be realized with generatively manufactured components. This is a trend that enables integral components to be manufactured more economically. As a result, the number of individual components can be drastically reduced. The same reduction also applies to the assembly costs and effort and the associated problems, such as dimensional and positional accuracy. In addition, the integration of a larger number of functions is possible. This cannot be realized with non-generative processes or only with much greater costs and effort.


Another advantageous aspect of rapid manufacturing is that shipping can be eliminated when the components are manufactured at the same location as where they are to be used. Additive processes are firmly established in industries such as machine manufacturing, automobile manufacturing, and aircraft manufacturing, but are still on a small scale compared to conventional processes. This is particularly the case in individual production, as well as in customized small to medium series production. The production of models using additive processes has already been established in the automotive industry for some time. Likewise, processes such as rapid manufacturing are also used in toolmaking. However, there is still a lack of relevant standards and norms for the production of additively manufactured components.

Rapid manufacturing This appears to be an economically interesting process in the area of individual and small batch production, while this is not the case in large series and mass production.










6.2 Implementation, Application Areas, and Examples
Additive processes are now used very successfully in a large number of industries. This is particularly true with applications and areas of activity in which only individual production generally prevails. Individual production is particularly common in the medical sector where additive manufacturing can achieve considerable advantages in the manufacture of implants for bone parts, etc.

Conventional tool-based manufacturing, such as casting, forming, or machining, generally requires an organization in which warehousing and distribution play a significant role. Such forms of organization can usually be designed more independently and ﬂexibly in additive manufacturing. This fact also applies to physical and time allocation. By using locally operating additive systems, products can be manufactured anywhere, in any quantity, and distributed locally. This aspect is particularly important to service providers who supply and production of replacement parts anywhere in the world through rapid manufacturing. Indeed, such production of replacement parts can be realized nearly anywhere in the world. This is a major advantage, as it typically involves individual production and the replacement part can therefore be used immediately after manufacture without additional transport. Furthermore, all geometry changes are simple and can be implemented at any time by changing the CAD data.

Areas of application for additive manufacturing can be found in the following industries:

· machine manufacturing,
· automotive industry,
· aircraft manufacturing,
· aerospace,
· medical technology,
· architecture, and
· toys, etc.

Figures 6.1 and 6.2 below show applications of additive manufacturing from different industries. Figure 6.1 shows an application from the aerospace industry. Here, an antenna holder for a satellite has been manufactured from the alloy aluminum AlSi10Mg using selective laser melting (SLM).
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Figure 6.2 below shows an application from medical technology. Here, an artificial acetabulum (hip joint socket) has been produced from a titanium alloy TiAl6 V4 using SLM (Selective Laser Melting).
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Summary
Rapid manufacturing includes a group of additive manufacturing processes in which initial components can be produced within a short period of time after product development. As already mentioned with other additive processes, real components can be produced from series materials without the need to design and build jigs and tools in advance.
This is the main advantage of the additive processes in rapid manufacturing. Here, the components can be produced directly from the CAD data in individual production and in small batches without tools. A wide range of materials can be processed, particularly plastics, metals, ceramics, etc. Components with complex metallic alloys can also be produced.

Rapid manufacturing makes it possible to produce the first pre-series parts even before the start of industrial production. Due to the large variety of materials that can be processed as well as the CAD data, completely new applications can be cost-effectively carried out with efficient use of materials. Furthermore, a large number of applications in areas such as aircraft, aerospace, and automobile manufacturing, or the medical sector are covered with this new type of manufacturing technology.
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Cyber-Physical Production Plants	Comment by Translator: Translator:  Cyber-Physical and Cyber Physical are both very commonly used. Neither are in the Merriam-Webster dictionary.









STUDY GOALS

After completing this unit, students will know ...

... what Cyber-physical Systems (CPS) are and which benefits they provide.
... what the networking of production plants and IT will look like in the future.
... how sensors and actuators in production plants are networked with each other.
... what the architecture and information processing of production plants for suitable areas will look like in the future.
... how production plants are networked with the Internet of Things.
... how embedded systems ﬁnd application in production.
... how a human-technology interaction is realized in production application processes.
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7. Cyber-Physical Production Plants


Introduction
In industrial structures, production plants are directly connected to the production control computers via networking through the Internet of Things. These production control computers control the orders of the machines, as well as request and distribute performance and order data. This type of networking is already state-of-the-art and has already been implemented in many industrial sectors. The machines in production are intelligently networked with each other and thus take over (control) tasks that were previously carried out by the on-site employees. Order quantities and inventory levels are automatically reconciled and, if necessary, new stock is produced.


7.1 Derivation of the Terms Industry 4.0 and Cyber-Physical Systems
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Industry 4.0 The aim is to interconnect components in production plants via IT networks to fully digitize the flow of information.

The overall aim of the Industry 4.0 strategy is to improve the productivity and efﬁciency of the manufacturing industry in the future. To realize this strategy, it is necessary to deﬁne the goals of a digital strategy, to create a uniform understanding of the future integration of humans, machines, sensors, actuators, and processes, and to bring about structural change. To this end, a wide variety of recommendations for action, guidelines, and application examples from different industries for the transition from analogous to digital processes must be taken into account (vgl. Huber 2016).

This can create a basis for successfully implementing the digitization of industrial production in companies, particularly in small and medium-sized companies.

The essential aspect of Industry 4.0 is that state-of-the-art information and communication technology is making its way into production. Following the previous industrial revolutions with the steam engine (1), the assembly line (2) and automation (3), the fourth industrial revolution is currently beginning with smart factories (4) (vgl. Bauernhansl/ten Hompel/Vogel-Heuser 2014, S. 4–36).

This requires digitally networked systems in production to determine the execution and employees to communicate with digital planning, production, and logistics systems. The resources involved are intelligently networked with each other to realize the Industry 4.0 strategy. The aim is to make production even more efﬁcient and ﬂexible.

Integrated digital processes should accompany as many phases of a product’s lifecycle as possible. These phases include, development, production, use with maintenance, and the end of use associated with recycling. Appropriate measures should be taken to effectively optimize processes as far as possible through the integration and parallel processing in production and logistics.
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This is in order to reduce the total costs of the various phases and, if possible, to increase quality. Overall, this allows the effectiveness (degree and measure of target achievement) to be increased and the efﬁciency (costs and utility) to be improved. Economic efficiency and competitiveness can be significantly increased with the Industry 4.0 strategy.

The value creation processes as well as the business models will change with the introduction and implementation of the Industry 4.0 strategy. On the whole, this means a particularly significant opportunity for small and medium-sized companies. These companies are likely to benefit the most from digital production processes, since this is where the change in processes from the current state to the future level will be greatest. Overall, this allows limitations to be overcome much more quickly, as well as reaching new and distant markets. In the process, changes in the organization of work must also be considered. Here, the advantages of modern additive processes allow the development and design, as well as production to be easily separate from each other. This means that development and design can be located on a different continent than production. In this case, costly logistics processes can be reduced, or even eliminated.

In order to successfully follow this approach, companies need appropriate recommendations for action and guidelines to achieve the diverse and complex goals of Industry 4.0 (vgl. Vogel-Heuser/Bauernhansl/ten Hompel 2017a, S. 3–27; 2017b–d).

According to VDI/VDE-Gesellschaft für Mess- und Automatisierungstechnik (2013, S. 2), the deﬁnition of Cyber-physical Systems is: “Cyber-physical Systems (CPS) are characterized by a linking of real (physical) objects and processes with information processing (virtual) objects and processes via open, partially global, and interconnected at all times information networks.”


7.2 Cyber-Physical Systems (CPS) Megatrend


Cyber-physical systems (CPS) are networks of information technology systems (consisting of hardware and software) connected with mechanical components of a production plant, as well as sensors and actuators that communicate via the Internet. All subsystems within the network operate entirely self-sufficiently (vgl. Bauernhansl/ten Hompel/Vogel-Heuser 2014).

These designated systems are characterized by an extraordinarily high level of integration of real physical systems with sensors and actuators, information technology systems, and technical processes, such as production processes that are fully interconnected via information networks for data exchange. They are also capable of optimizing the respective parameters of the core processes if certain boundary conditions exist. As a result, the physical world is growing together in the context of cyber-physical systems to form the so-called “Internet of Things” (vgl. ACATEC 2011, S. 13–17).

Cyber-physical Sys- tems
These are a networking of production plants, planning and control computers, as well as sensors and actuators that are connected via the Internet of Things.









Due to the high speed of development in the world of information technology, increasingly powerful systems with “embedded software” are being developed. The application of such systems in highly networked structures allows ever more complete and more integrated applications in many areas of production with highly automated computer-controlled systems that are also supported by robots. Increasingly complex IT solutions are also required here, e.g., for the realization of mobility concepts with airplanes and drones, with self-driving cars and trucks, on the water with automatically controlled ships, etc. This makes it necessary to integrate a wide variety of systems with a large number of sensors and actuators into complex networks. Highly intelligent systems can be realized by combining and integrating powerful computers, intelligent software, sensors, and actuators. This results in solutions that can detect and control the conditions in their monitored environment (vgl. Brecher 2015).

This allows complex technical systems to be conﬁgured into what is known as cyber-physical systems. Considering their complex structures, the challenges for such systems are extremely extensive. These highly intelligent structures are of great significance to future technical and social developments in a large number of applications and areas of life, such as production, medicine, and transport.

For the development and realization of such technologies, which contain significant shares of cyber-physical systems, future conﬁgurations require an even stronger focus on research and innovation. Figure 7.1 below shows the typical networking in the cyber-physical system of transport systems with a modal structure.
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CPSs are connected to each other worldwide via the Internet. With the aid of corresponding software strategies, data recorded by sensors are distributed via networks and processed. These data are sent to relevant network subscribers, who in turn process this data to control their respective local processes.

Data from the physical world is merged with data from the virtual world via cyberspace to form the Internet of Things. Typical applications already available include navigation systems that use mobile communications to derive movement data on traffic jams in order to offer alternative routes to automobile drivers. Similarly, complex monitoring systems are now acting as remote monitoring systems for many areas of daily life in the home, in medicine, etc. that warn us of dangers using the Internet and at the same time, suggest and automatically initiate strategies for defense.

Cyber-physical systems support the complex processes of production planning and manufacturing, from the customer order, through to supplier logistics, to production, and shipping to the customer, as well as the commissioning and training of customer service personnel. All processes should run digitally and, despite the individuality of the product, be realized with the least possible effort and resources.









For companies, the use of CPS in production offers a considerable potential for flexibility and automation that demands great flexibility from the OEM and its suppliers. This is the case in the automotive industry with its large number of model variants and the individual requirements of the customer. This flexibility opens new markets that would otherwise only be accessible with significantly higher capital expenditure and resource consumption. This also results in more attractive products for the customer, whose order production progress can even be tracked in real time under certain circumstances.

The following fields of action are of interest to the further development of CPS:

· standardization for network architecture and communication,
· operation of complex IT systems for industry,
· highly dynamic and comprehensive broadband infrastructure,
· complete data security,
· targeted development of standards and rules for work organization and work design,
· education and training of personnel in the area of Industry 4.0 and CPS,
· existence of legal framework.


7.3 Cyber-Physical Production Plant Definition
As mentioned above, a cyber-physical system (CPS) in production is a network of information technology hardware components, software, production plants, etc., which are interconnected with the aim of exchanging the necessary data regarding orders, customers, suppliers, production, etc. with each other. It is essential that the network and all data exchange take place via the Internet (vgl. Ramsauer 2013, S. 6–12).

The prerequisites for a successful production process in this network must be created within the framework of Internet-based communication. Corresponding services, such as subcontracting from suppliers, the internal provision of materials, checking the capacity and availability of resources, e.g., preliminary products, production plants, and personnel capacities, must be ensured.

The Industry 4.0 strategy is intended to ensure that the customer order is produced and delivered on time and in the right quantities by means of appropriate interaction among the groups involved. The entire planning process is to be carried out by the IT systems. Participating groups such as suppliers, internal and external production units, shipping agents, etc. should be involved in the planning process via the network. Activities by employees should not be necessary within the framework of these planning processes. All requirements of the planning process run automatically in the network of IT systems. The implementation of the Industry 4.0 strategy allows access to all production-relevant data such as customers, materials, or machines so that each will know the status of the respective resources, as well as the orders and, if necessary, to initiate



Cyber-Physical Production Plants





corrections by means of suitable measures in an early phase. In principle, however, Industry 4.0 should also make it possible to actively engage in the production process by means of complex interaction and corrections. The realization of automatic processes and the use of strategies according to the Industry 4.0 strategy should lead to an economically more favorable and a more timely and reliable process in production overall (vgl. VDI/VDE-Gesellschaft für Mess- und Automatisierungstechnik 2013). 

This requires sensors and actuators that can record the actual data of the processes as well as also influence them according to the necessary strategies. The necessary networking in Industry 4.0 is realized via the Internet through complex software strategies that engage in the real and virtual worlds.

The introduction of CPS includes the realization of the following fields:

· automation: higher degree of automation in production,
· digital networks: industrial production is connected to modern information and communication technologies (IoT - Internet of Things),
· cloud computing: storage and computation of data in clouds,
· IoT: Internet of Things for networking machines, sensors, processes,
· communication: intelligent and digital networking of the resources involved (humans, machines, production plants, logistics, and products communicate and work directly together),
· big data: centralized data storage (workpieces, tools, e.g., equipped with RFID chips for data storage),
· system integration: networked computers with machines, sensors, processes, etc.


7.4 Effects on Planning and Operation of Production Plants
With Industry 4.0, the future data management and strategy for processing data regarding the orders, supplies, production plants, working persons, and all other resources involved in the production is the central focus of Cyber-physical Systems (CPS).

Production plants and systems in the digital factory are networked via a LAN (Local Area Network) and the Internet. By means of suitable data carriers, the products to be processed are supplied with complete information from the order process in production through to delivery to the customer.

The entire production process is already planned in detail. The accompanying data of the products contain all the details of the machining processes, e.g., manufacturing processes, dimensions, tolerances, tools, etc. In addition to production, this complex data exchange also includes the complete logistics for storage and shipping of the products. This clearly demonstrates the change that Industry 4.0 represents.








In the past, these planning processes were handled by technical staff in the production planning and production control departments. In the future, these planning processes will be handled by IT systems with the inclusion of all the groups concerned. Alongside this, all data on orders and capacities will be exchanged internally and externally among all participants. All participating resources check their capacities and report the planning data for deliveries with detailed quantities and times. A large number of participants are involved in these planning processes.
[image: ]
Figure 7.2 above shows the application areas of the digital factory according to VDI 4499 Sheet 1–4 (vgl. Verein Deutscher Ingenieure 2008-2016). The processes and specifications contained in this guideline are the basis for the implementation planning of Industry 4.0 projects in the future digital factory.
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VDI 4499 Sheet 1 Guideline (vgl. Verein Deutscher Ingenieure 2008) describes the application areas of the digital factory from which goals and target groups can be derived. Here, the VDI Guideline should be used to deﬁne the areas of application that make it possible to accelerate and improve the process of production planning. These include, e.g., introduction and organizational measures, system architecture, and data management.

Sheet 3 of the Guideline (vgl. Verein Deutscher Ingenieure 2016) addresses data management and system architectures, e.g., implementation, concept management, data model and management, as well as recommendations on system architecture and data management in the digital factory.

The VDI 4499 Part 2 Guideline (vgl. Verein Deutscher Ingenieure 2011) contains specifics and details on the operation of a digital factory. Among other things, this includes the lifecycle phases of the factory, examples of application areas (machine tools and production plants), and the data infrastructure.

The integration of humans into the digital factory as set out in the VDI 4499 Sheet 4 Guideline is also worth noting here (vgl. Verein Deutscher Ingenieure 2015).


7.5 Dynamic Reconﬁguration and Migration of Production Plants


In the future environment of Industry 4.0, flexible production plants must be adapted to newly changed conditions for production within a very short time through dynamic reconﬁguration. In traditional production, this is the retrofitting effort in order to induce new boundary conditions for a variant change in production. This means that the appropriate control software and the mechanical and electrical systems in the production plants must be capable of adapting quickly. This is absolutely essential to ensure a high degree of flexibility. Only this capability makes it possible to manufacture a large number of products and variants through quick retrofitting (vgl. Ramsauer 2013).

Thus, the dynamic reconﬁguration of distributed and networked intelligent production plants in the Industry 4.0 environment when changing products, materials, and production steps is an important prerequisite for the functioning of such a structure. Particularly for successful operation in Industry 4.0 environments, it must be demonstrated here that the connection of IT units and the networking of physically separated production plants is possible. This process of connecting and networking all the systems involved at various production sites is also an essential prerequisite for the functioning of such structures. The interconnection of the individual production plants involved at different locations must be automatic.


Dynamic reconﬁguration
This is an essential prerequisite for the retrofitting of production plants.









A high degree of flexibility in the control system and mechanics must be ensured in all cases. In addition, the manufacturing process should be so ﬂexible that subsequent changes to the processes are possible at any time.

Migration to Industry 4.0 Manufacturing

Due to the changing world in the context of migration to Industry 4.0, companies must manage the step from self-sufficient and mainly non-networked IT systems to integrated solutions. For this purpose, IT systems must be networked internally and externally so that production planning systems are directly networked with order systems and can also communicate with the systems of suppliers and customers, as well as with logistics partners.

The Industry 4.0 strategy currently provides models of networked structures with a variety of organizational solutions using intelligent and digitally networked systems. The aim is to implement production solutions with largely self-organized production. For this purpose, intensive communication must occur between the production plants of the OEM and the supplier, the personnel involved, the customer, the production planning and production control systems, etc. The OEM, supplier, and customer communicate directly with each other under Industry 4.0 structures and exchange their data on deliveries with each other. The decisive factor in this philosophy is that Industry 4.0 provides the appropriate basic technologies with which the goals of Industry 4.0 can be achieved.


Summary
The prerequisites for the migration of a current production organization to a cyber-physical production system are described on the basis of the Industry 4.0 strategy. For the purposes of this consideration, cyber-physical systems (CPS) in production are networks based on information technology hardware components, software, production plant, etc. that are interconnected with the aim of exchanging the necessary digital data regarding orders, customers, suppliers, production, etc. with each other.

This is followed by the deﬁnition and derivation of the term Industry 4.0. The Industry 4.0 strategy is characterized by trends such as the “Internet of Things” and “Big Data”. Both trends are core components of the Industry 4.0 strategy.
This strategy essentially involves the data-based, autonomous communication of products and machines in the industrial environment and requires a more intensive integration of IT into our industrial processes.
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The current cyber physical systems megatrend is explained in more detail. In the future, cyber-physical systems (CPS) will support the complex processes of production planning and manufacturing to a much greater extent, starting with the customer order, through to the supplier’s logistics, to production and shipping to the customer, as well as the systems start-up and training of the customer’s personnel.

The deﬁnition of the cyber-physical production plant includes communication between the participants – humans, machines, sensors, and actuators - via the Internet for the processing of orders. The implications for the planning and operation of production plants include the strong integration and networking of the systems involved. For this purpose, the production plants and systems in the digital factory are networked with each other via a LAN (Local Area Network) and the Internet. By means of suitable data carriers, the products to be processed are supplied with complete information from the order process in production through to delivery to the customer. 

The dynamic reconﬁguration of production plants involves maintaining the flexibility of production plants for new boundary conditions as part of the changeover to new orders. In the Industry 4.0 environment, dynamic reconﬁguration to new, changed order conditions for production must be possible within a very short time.

The migration of existing manufacturing to Industry 4.0 production is an important substep. The IT systems must be networked internally and externally in order to communicate directly with production planning systems and order systems. In addition, the internal systems must be networked with the systems of suppliers, customers, and logistics partners.


























Appendix 1
Bibliography




Bibliography


ACATEC (2011): Cyber-physical Systems. Innovationsmotor für Mobilität, Gesundheit, Energie und Produktion. ACATEC Position, München.

Anderson, C. (2007): The Long Tail – der lange Schwanz. Nischenprodukte statt Massen- markt: Das Geschäft der Zukunft. Hanser, München.

Bauernhansl, T./ten Hompel, M./Vogel-Heuser, B. (2014): Industrie 4.0 in Produktion, Automatisierung und Logistik. Springer Vieweg, Wiesbaden.

Behmel, M. et al. (2019): Industrielle Fertigung: Fertigungsverfahren, Mess- und Prüf- technik. 8. Auﬂage, Verlag Europa-Lehrmittel, Haan-Gruiten.

Berger, U./Hartmann, A./Schmid, D. (2013): Additive Fertigungsverfahren. Verlag Europa- Lehrmittel, Haan-Gruiten.

Brecher, C. (2015): Advances in Production Technology. Springer, Cham u. a.

Engmann, K. (2009): Technologie des Flugzeuges. 5. Auﬂage, Vogel, Würzburg.

Fahrenwaldt, H. J. (2014): Praxiswissen Schweißtechnik – Werkstoffe, Prozesse, Fertigung.
Springer Vieweg, Wiesbaden.

Fastermann, P. (2014): 3D-Drucken. Wie die generative Fertigungstechnik funktioniert.
Springer Vieweg, Berlin/Heidelberg.

Fritsche, C. et al. (2014): Kunststofftechnik. 4. Auﬂage, Verlag Europa-Lehrmittel, Haan- Gruiten.

Fritz, A. H. (Hrsg.) (2018): Springer-Lehrbuch. Fertigungstechnik. 12. Auﬂage, Springer Vieweg, Wiesbaden.

Gebhardt, A. (2016): Additive Fertigungsverfahren: Additive Manufacturing und 3D-Dru- cken für Prototyping – Tooling – Produktion. 5. Auﬂage, Hanser, München.

Gorecki, P./Pautsch, P. (2018): Praxisbuch Lean Management. Der Weg zur operativen Excellence. 3. Auﬂage, Hanser, München.

Gummersbach, A. (2017): Produktionsmanagement. 6. Auﬂage, Handwerk und Technik, Hamburg.

Hermann, A. S./Pabsch, A./Kleineberg, M. (2000): Kostengünstige Faserverbundstruktu- ren - eine Frage neuer Produktionsansätze. 3. AVK-TV Tagung Baden-Baden. (URL: https://www.dlr.de/fa/Portaldata/17/Resources/dokumente/publikationen/ 2000/03_herrmann.pdf [letzter Zugriff: 04.11.2021].

.
178
Appendix 1

Appendix 1	175


www.iubh.de

www.iubh.de



Bibliography






Holzberger, S. et al. (2019): Produktionsorganisation: Qualitätsmanagement und Pro- duktpolitik. 11. Auﬂage. Verlag Europa-Lehrmittel, Haan-Gruiten.

Huber, W. (2016): Industrie 4.0 in der Automobilproduktion. Springer Vieweg, Wiesbaden.

Jacob, K. (2014): Neue Methode für eine sichere Verbindung von Kunststoffteilen. Fraun- hofer-Institut für Produktionstechnik und Automatisierung IPA, Stuttgart. (URL: https:// www.ipa.fraunhofer.de/de/presse/presseinformationen/2014–09–10_neue-methode- fuer-eine-sichere-verbindung-von-kunstst.html [letzter Zugriff: 19.10.2021]).

Klocke, F. (2017a): Fertigungsverfahren 4. Umformen. VDI-Buch. Springer, Berlin/Heidel- berg/New York.

Klocke, F. (2017b): Fertigungsverfahren 1. Zerspanung mit geometrisch bestimmter Schneide. VDI-Buch. Springer Vieweg, Wiesbaden.

Klocke, F. (2018): Fertigungsverfahren 5: Gießen und Pulvermetallurgie. VDI-Buch. 5. Auf- lage. Springer Vieweg, Wiesbaden.

Klocke, F./König, W. (2007): Fertigungsverfahren 3. Abtragen, Generieren, Lasermaterial- bearbeitung. 4. Auﬂage, Springer, Berlin/Heidelberg/New York.

Knabel, J. (2016): VERBATIM stellt zwei neue Filamente vor. (URL: https://3druck.com/3d- druckmaterialien/verbatim-stellt-zwei-neue-ﬁlamente-vor-2049420/ [letzter Zugriff: 19.10.2021]).

Kocik, R. et al. (2006): Laserstrahlschweißen im Flugzeugbau: Stand und künftige Anwendungen. Vortragsmanuskript 5. Laser-Anwenderforum, Bremen, 13./14.09.2006.

Lachmayer, R./Lippert, R. B./Fahlbusch, T. (2016): 3D-Druck beleuchtet. Additive Manu- facturing auf dem Weg in die Anwendung. Springer Vieweg, Wiesbaden.

Martin, P. (2013): Produktion im Flugzeugbau – technisch anspruchsvolle Herstellungs- verfahren in komplexen Leistungserbringungsprozessen. In: Hinsch, M./Olthoff, J. (Hrsg.): Impulsgeber Luftfahrt. Industrial Leadership durch luftfahrtspeziﬁsche Aufbau- und Ablaufkonzepte. Springer, Berlin/Heidelberg/New York, S. 159–198.

O. V. (2003): DIN 8580. Fertigungsverfahren – Begriffe, Einteilung. Beuth, Berlin.

O. V. (2005): DIN EN 14610:2005–02. Schweißen und verwandte Prozesse – Begriffe für Metallschweißprozesse. Beuth, Berlin.

O. V. (2008): DIN 1910–100. Schweißen und verwandte Prozesse – Begriffe – Teil 100: Metallschweißprozesse mit Ergänzungen zu DIN EN 14610:2005. Beuth, Berlin.

O. V. (2012): DIN EN ISO 25239. Reibrührschweißen von Aluminium. Teil 1 bis 4. Beuth, Berlin.









O. V. (2015): DIN EN ISO 9001: Qualitätsmanagementsystem – Anforderungen. Beuth, Berlin.

O. V. (2017): Aerospace: RUAG – Additive Manufacturing of Satellite Components. Firmen- schrift der EOS GmbH, München. (URL: https://www.eos.info/case_studies/additive- manufacturing-of-antenna-bracket-for-satellite [letzter Zugriff: 19.10.2021]).

Ramsauer, C. (2013): Industrie 4.0 – Die Produktion der Zukunft. In: WINGbusiness, Heft 3, S. 6–12.

REFA (Hrsg.) (2016): Industrial Engineering – Standardmethoden zur Produktivitätsstei- gerung und Prozessoptimierung. 2. Auﬂage, Hanser, München.

Ruge, J./Wohlfahrt, H. (2013): Technologie der Werkstoffe. Herstellung, Verarbeitung, Einsatz. 9. Auﬂage, Springer, Berlin/Heidelberg/New York.

Schäfer, K. (2013): Selektives Laserschmelzen von Titan. SLM Solutions Group AG, Lübeck. (URL: http://www.maschinenmarkt.vogel.de/index.cfm?pid=7503&fk=402474 [letzter Zugriff: 06.06.2017]).

Schmid, D. (2013): Produktion – Technologie und Management. Verlag Europa-Lehrmit- tel, Haan-Gruiten.

Schmid, M. (2015): Additive Fertigung mit Selektivem Lasersintern (SLS). Prozess- und Werkstoffüberblick. Springer Vieweg, Wiesbaden.

Schreier, J. (2014): „Bionische“ Flugzeugkonstruktionen mit 3D-Metalldruck. (URL: http:// www.maschinenmarkt.vogel.de/bionische-ﬂugzeugkonstruktionen-mit-3d-metalldruck- a-461436/ [letzter Zugriff: 19.10.2021]).

Spath, D. (2013): Produktionsarbeit der Zukunft – Industrie 4.0. Fraunhofer-Institut für Arbeitswirtschaft und Organisation IAO, Stuttgart.

TRUMPF GmbH + Co. KG (o. J.): Die robuste Universalmaschine. Ditzingen. (URL: https:// www.trumpf.com/de_CH/produkte/maschinen-systeme/stanz-laser-maschinen/truma- tic-6000/ [letzter Zugriff: 19.10.2021]).

VDI/VDE-Gesellschaft für Mess- und Automatisierungstechnik (2013): Cyber-physical Systems: Chancen und Nutzen aus Sicht der Automation. Düsseldorf.

Verband der Automobilindustrie (2016a): ISO/TS 16949:2016 – Qualitätsmanagement- systeme. Besondere Anforderungen bei Anwendung von ISO 9001:2015 für die Serien- und Ersatzteilproduktion in der Automobilindustrie. 3. Ausgabe, Frankfurt am Main (neu herausgegeben als IATF 16949:2016: Anforderungen an Qualitätsmanagementsysteme für die Serien- und Ersatzteilproduktion in der Automobilindustrie. IATF/VDA, Berlin.)

Verband der Automobilindustrie (2016b): Zertiﬁzierungsvorgaben für VDA 6.1, VDA 6.2 und VDA 6.4. 6. Auﬂage, Frankfurt.



Bibliography





Verein Deutscher Ingenieure (2008): VDI-Richtlinie 4499. Blatt 1: Digitale Fabrik. Grund- lagen. Beuth, Berlin.

Verein Deutscher Ingenieure (2011): VDI-Richtlinie 4499. Blatt 2: Digitale Fabrik. Digitaler Fabrikbetrieb. Beuth, Berlin.

Verein Deutscher Ingenieure (2015): VDI-Richtlinie 4499. Blatt 4: Digitale Fabrik. Ergono- mische Abbildung des Menschen in der Digitalen Fabrik. Beuth, Berlin.

Verein Deutscher Ingenieure (2016): VDI-Richtlinie 4499. Blatt 3: Entwurf. Digitale Fabrik. Datenmanagement und Systemarchitekturen. Beuth, Berlin.

Vogel-Heuser, B./Bauernhansl, T./ten Hompel, M. (Hrsg.) (2017a): Handbuch Industrie 4.0, Bd. 1. Produktion. Springer, Berlin/Heidelberg/New York.

Vogel-Heuser, B./Bauernhansl, T./ten Hompel, M. (Hrsg.) (2017b): Handbuch Industrie 4.0, Bd. 2. Automatisierung. Springer, Berlin/Heidelberg/New York.

Vogel-Heuser, B./Bauernhansl, T./ten Hompel, M. (Hrsg.) (2017c): Handbuch Industrie 4.0, Bd. 3. Logistik. Springer, Berlin/Heidelberg/New York.

Vogel-Heuser, B./Bauernhansl, T./ten Hompel, M. (Hrsg.) (2017d): Handbuch Industrie 4.0, Bd. 4. Allgemeine Grundlagen. Springer, Berlin/Heidelberg/New York.

Voxeljet AG (o. J.a): Der 3D-Druck und der Motorenbau. Friedberg. (URL: http:// www.voxeljet.com/de/branchen/cases/hochkomplexer-wassermantelkern/ [letzter Zugriff: 19.10.2021]).

Voxeljet AG (o. J.b): Rennsport-Sauganlage. Friedberg. (URL: http:// www.voxeljet.com/de/branchen/cases/rennsport-sauganlage [letzter Zugriff: 01.02.2017]).

Westkämper, E./Warnecke, H.-J. (2010): Einführung in die Fertigungstechnik. 8. Auﬂage, Springer Vieweg+Teubner, Wiesbaden.

Wikimedia (2015): Genietete Aluminium-Stringer an einem Rumpfausschnitt einer Boe- ing 747 (Abbildung). (URL: https://de.wikipedia.org/wiki/Stringer_%28Verkehrstechnik
%29#/media/File:Fuselage-747.jpg [letzter Zugriff: 19.10.2021]).

Wikimedia (2016): Stereolithograﬁeprozess (Abbildung). (URL: https://de.wikipedia.org/ wiki/Stereolithograﬁe#/media/File:CAD_CAM.png [letzter Zugriff: 19.10.2021]).

Wikimedia (2017): WIG-Schweißen (Abbildung). (URL: https://de.wikipedia.org/wiki/ Schwei%C3 %9Fen#/media/File:GTAW-de.svg [letzter Zugriff: 19.10.2021]).









Witt, G./Wegner, A./Sehrt, J. T. (2015): Neue Entwicklungen in der Additiven Fertigung. Beiträge aus der wissenschaftlichen Tagung der Rapid. Tech 2015. Springer, Berlin/ Heidelberg/New York.

image3.jpeg




image71.jpeg
Abbildung Kabinenhalter-Bracket fiir den Airbus A350

tanlegierung (TiAL6V4) hergestellt im erfahren

Quelle: Laserzentrum Nord, Hamburg




image72.jpeg
tereolit

Schwenkantrieb X-Achse

Spiegel Spiegel
Schwenkantrieb
Y-Achse

Wanne, gefiillt mit Z-Richtung
flissigem Polymer




image73.jpeg
Abbildung unktionsprinzip Stereolithografie (S
bereitung ystem (Geometrie) und CAM-System (Maschinenbefehl)

1) Modell im Computer 2] Eine Schicht des Modells 3] Eine polymerisierte Schicht
4) Plattform 5] Laser




image74.jpeg
Abbildung 3.4: STL-Modell eines Getriebegehauses
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Abbildung 7.2: Anwendungsgebiete der Digitalen Fabrik
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Abbildung 1.1: Definition der Produktionstechnik nach Dolezalek
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Abbildung 1.2: Einteilung der Fertigungsverfahren nach DIN 8580
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Abbildung 1.3: Fertigungsverfahren Hauptgruppen nach DIN 8580
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Abbildung 1.3: Fertigungsverfahren Hauptgruppen nach DIN 8580
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Abbildung 1.4: Fertigungstechnik - Wirkung der Bauteilgeometrie,
des Fertigungsverfahrens und des Werkstoffs auf das Ergebnis
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Abbildung 1.5: Einteilung der Werkstoffe (Konstruktionswerkstoffe)
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Abbildung 1.6: Einteilung der Verbundwerkstoffe
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Abbildung 1.7: Kombinationen von Einzelkomponenten zu Verbundwerkstoffen
und deren jeweilige Eigenschaften
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Abbildung 1.8: Abhangigkeit von Flexibilitat, Stiickkosten und Investment
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Abbildung 1
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Abbildung 1.10: Ermittlung der Vorgabezeiten und der Auftragszeiten fiir
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Abbildung 1.13: Prinzipien des Le.
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Abbildung 1.14: Wesentliche Prinzipien des Toyota Production Systems [TPS)
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Abbildung 1.15: Kaizen-Philosophie im Toyota Production System (TPS)
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Abbildung 1.1
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Abbildung 1.17: Aufbau einer Produktkalkulation auf Zuschlagsbasis
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Abbildung 1.18: Die Stufen der industriellen Revolution von Industrie 1.0 bis 4.0
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Abbildung 1.19: Verteilung des Ertrags nach Pareto-Regel (80-20-Regel)
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Abbildung 2.1: Einteilung der Fertigungsverfahren nach DIN 8580 mit
Nennung von Beispielen in den jeweiligen Hauptgruppen
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Abbildung 2.2: Fertigungsverfahren der Hauptgru Urformen nach DIN 858
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Abbildung 2.3: Ein
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Abbildung 2.4: Verfahrensschritte beim Sandguss mit geteilter Form und

eingelegtem Sandkern
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Abbildung ) 777 als Feingussteil

Quelle: TITAL GmbH
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Abbildung 2.7: Spritzgussverfah on Formteilen
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Abbildung 2.8: Anwendung von Verbundwerkstoffen aus Composite CFK

im Flugzeugbau
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Abbildung 2.9: Anwendung von Faserverbundwerkstoffen (CFK] im Flug-

zeugbau (Anteil am Strukturgewicht)

Entwicklung Anteil von Verbundwerkstoffen in der Primarstruktur

40 %
A4OOM

30 %

20 %

Share of composite components.

10%

1975 1980 1985 1990 1995 2000 2005 2010

Year




image37.jpeg
Abbildung 2.10: Faserverbund-Fertigungstechnologien
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Abbildung 2.11: Umformve
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Quelle: OTTO FUCHS KG
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bbildung 2 Umformen zum Biegen von Spanten eines Airbus

e A

Quelle: Premium Aerotec GmbH
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Quelle: Premium Aerotec GmbH
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Abbildung 2.16: Einteilung der Fertigungsverfahren der Hauptgruppe
Trennen nach DIN 8580
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Abbildung 2.16: Einteilung der Fertigungsverfahren der Hauptgruppe
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Abbildung 2.18: Scherschneiden (Stanzen) mit einer NC-Nibbelmaschine

Quelle: TRUMPF
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Abbildung 2.19: Zerspanung und Zerspankrafte beim Drehen
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Abbildung 2

: Frasen von Flugzeug-Beplankung

Quelle: Premium Aerotec GmbH
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Quelle: Premium Aerotec GmbH
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Quelle: Premium Aerotec GmbH
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Abbildung 2.25: Fiigeverfahren nach DIN 8580
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Abbildung 2.25: Fiigeverfahren nach DIN 8580
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Abbildung 2.26: Anwendung umformtechnischer Fiigeverfahren (Nieten)

im Flugzeugbau mit Vollnieten, SchlieBring- und Schraubnieten
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Abbildung 2
im Flugzeugb:
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Quelle: Premium Aerotec GmbH
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Abbildung 2.36: Bedeutung der Atombindung, lonenbindung und

Van-der-Waals-Bindung beim Kleben
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Abbildung 2.38: Fertigungsverfahren der Beschichtungstechnik
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Abbildung 2.38: Fertigungsverfahren der Beschichtungstechnik nach DIN 8580
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Abbildung 2.39: Lackierung eines Airbus A380 im Werk Hamburg-Finkenwerder

Quelle: AIRBUS
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Abbildung 2.40: Fertigungsverfahren des Stoffeigenschaftsanderns

nach DIN 8580
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