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Abstract 

In the first part of this thesis an overview of the most common Additive Manufacturing (AM) 

processes and a valid classification scheme outside of the classification of conventional ma-

chining processes is presented. Advantages and shortcomings of these processes are briefly 

explained and application cases from the industry are given. Transitioning from the shortcom-

ings of current Additive Manufacturing processes the so called “hybrid additive subtractive” 

processes are introduced. 

The concept, setup, and machinery of these systems are explained by the example of the 

Controlled Metal Build-Up (CMB) process, a hybrid additive-subtractive process developed at 

the Fraunhofer IPT in Aachen, Germany. Competitors as well as potential application cases 

are exhibited. Based on the identified lack of feasible process chains for Additive Manufactur-

ing, an improved alternative process chain for the usage of the CMB process is then introduced 

taking automation and a broad applicability into account. 

In an additional part exemplary material properties of a component created with CMB are ex-

amined. Based on the results of a previously created tool that was manufactured by CMB and 

which displays a significantly increased service time, tribological tests are conducted for differ-

ent test specimens as well as for reference parts. 

The experiments serve to increase the applicability of the CMB process to other components 

and to improve the deposition strategy and material properties of the manufactured parts and 

thus to validate the developed process chain. The experimental design as well as the obtain-

ment of results are explained in detail. 

It is shown, that the angularity between the line of force during the testing and the weld seam 

deposition direction has a significant influence on the wear behavior of the deposited material. 

Based on the findings it is recommended to design the deposition process in such way that the 

deposited weld seams are in line with the direction of force during operation.  

Furthermore it is shown that the chosen tribological tests only have a limited validity and cannot 

be transferred to the real application case, since the results of the significantly increased life 

time of the tool could not be reproduced. During the tests the deposited weld seam surface is 

not generally superior to a hardened surface, as it was previously assumed. One reason might 

be a failure during the hardening of the test specimens and thus undesired material properties 

that prevent comparability of the obtained results. The shortcomings and problems are dis-

cussed and an outlook on further studies and applications for CMB is given.  
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1 Introduction and Objectives 

The phenomenon of „individual mass production” is one of the predominant paradigms in to-

day’s industrial production environment. The demand for cheap but individualized products is 

technically challenging and often causes present process chains to fail, since they are strictly 

aiming at mass production of kindred goods. To be economically feasible and financially suc-

cessful, future production processes need to be flexible and at the same time produce at min-

imum costs. At this point, the so called “Additive Manufacturing” (AM) processes yield promis-

ing advantages and results, and are often considered a “disruptive technology”, due to their 

completely different approach compared to conventional processes. [BERM12, p.155] 

AM technologies create products from “Computer Aided Design” (CAD) data in one operation 

without extensive process planning or need for tooling and the processes are less constrained 

by the limitations attributed to conventional machining approaches. [KING03, p.42] The geo-

metric models are sliced and the parts are created layer-wise by stack-up of consecutive layers 

until the final geometry is created. [GU12, pp.133f] Thus it is possible to produce parts nearly 

independent from costs related to batch sizes and production runs as well as part geometry 

and complexity. [HOE14, p.34] The latter can be considered the major advantage of AM over 

conventional subtractive machining, since the geometric complexity when creating a part layer 

by layer has significantly less influence on the fabrication process and respectively its costs. 

[KULK00, p.18] 

Since the introduction of the first Additive Manufacturing processes in the late 1980s, AM has 

developed from the mere fabrication of models and prototypes to the production of end-use 

parts. [GU12, pp.133f] Gradually AM is transitioning from “Rapid Prototyping“ (RP) to 

“Rapid Manufacturing” (RM), [GU12, pp.133f] as it is more and more used for direct component 

production rather than showcase models and prototypes. The percentage of directly produced 

parts of the total product and service revenue of the whole AM industry has risen to 42.6 % in 

2014. [WOHL15, p.185] In addition to possible technological advantages of parts that are pro-

duced using AM, these processes can even yield major financial benefits for the production of 

such parts. [GEBH13] The additive production approach is considered a game changer since 

design will become rather function- than production-driven, [BECH15, p.27] and it yields the 

potential to completely separate the product design process from product manufacturing ca-

pabilities, [BERM12, p.161] since theoretically any shape and geometry can be created without 

much preceding consideration. 

Thus, the field of Additive Manufacturing is promising and rapidly growing. Whereas in 1996, 

the whole AM industry represented only a total worth of $ 295 million it has risen to $ 4.1 billion 

in 2014. [WOHL15] This displays a total industry growth of nearly 1300 % within the last 

18 years. AM technologies are rapidly proceeding and ready to take their place within the ranks 

of established manufacturing technologies like “Computerized Numerical Control” (CNC) ma-

chining, [VDI14b, p.4] and are thus currently among the most discussed emerging technologies 

coming to market with a potentially disruptive power. [BECH15, p.8] 
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If AM processes can keep up to their expectations, they could transform the traditional manu-

facturing paradigms and drastically decrease the time to market for new products, reduce the 

life cycle costs of existing products and change the manufacturing industry and manufacturing 

jobs as they are today. [BEAR07, p.18] To some extent, AM has already become competitive 

with traditional manufacturing techniques in terms of cost, speed, reliability and accuracy. 

[GU12, p.159] However, the question in which area and to which extent this emerging technol-

ogy will disrupt the current state of the art practices is far from certain. [BECH15, p.8] 

Nevertheless, AM processes are most of the time viewed as stand-alone technologies and 

seldom reviewed in the context of a production setting. This is partly due to their origin as a 

prototyping process and partly due to their capabilities of stand-alone production and most 

users’ limited knowledge of the processes. Therefore there is a significant lack of design ap-

proaches and appropriate process chains and hence the integration of AM technologies into 

conventional process chains needs to be studied more extensively, in order to introduce AM 

to serious mass production and to help it in gaining more momentum and a broader application 

in today’s industrial landscape. 

This lack of integration of AM processes into the context of industrial manufacturing and pro-

cess chains is taken as the reason and starting point for the thesis at hand. In a first step, 

currently available AM processes are classified and a brief overview and explanation is given. 

Consecutively a short summary of available materials as well as a review on challenges, 

strengths and weaknesses is following. Focus is laid on already existing application cases for 

AM processes in the industrial fields of Rapid Tooling, Biomedical Engineering, and Automo-

bile and Aerospace Applications. For each of these fields several application cases are pre-

sented and shortly discussed, with a short review on current developments and changes.  

The next chapter introduces the “hybrid additive-subtractive manufacturing systems”, a group 

of technologies that use an additive manufacturing approach in combination with conventional 

subtractive machining capabilities. By combining these two approaches into one single setup 

they have the potential to overcome the shortcomings of both technologies. Furthermore, the 

“Controlled Metal Build-up” (CMB) process, a specific hybrid additive manufacturing process 

that is developed at the Fraunhofer IPT, is introduced and explained in detail. The process 

itself as well as potential application cases are described, followed by a review on competitors 

in hybrid additive-subtractive manufacturing and similar systems on the market, as well as 

current projects in research state. By this example, a feasible process chain for the integration 

of a hybrid AM process into an industrial production setting is developed and presented. The 

advantages of using the CMB process for the creation of functional surfaces and shapes which 

are explicitly designed for the specific case and which have specifically tailored material prop-

erties are described and potential applications are displayed. 
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The significantly increased lifetime of a deep-drawing tool that was built at the Fraunhofer IPT 

using the CMB process is taken as the starting point for the experimental part of this work. The 

respective tool has already reached multiples of its original service life and is still in use. 

The material properties of the welding wire and deposited material that was used is examined 

and wear conditions are simulated, using tribological tests, in order to analyze the quality of 

functional surfaces created using the CMB process. Conclusively, the results are discussed 

and evaluated, ending with an outlook on further developments.  
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2 State of the art in Additive Manufacturing 

Additive Manufacturing is a relatively young and rapidly evolving technology, with new trends, 

processes and companies frequently entering the market. Thus, the attempt to picture the state 

of the art in Additive Manufacturing can only be of a contemporary nature. Nevertheless, an 

attempt for standardization and classification is presented in the following chapters. 

2.1 Classification of Additive Manufacturing Processes 

According to the ASTM International Committee F42 on Additive Manufacturing Technologies, 

AM is defined as the process of joining materials to make objects from 3D model data layer 

upon layer, as opposed to conventional subtractive manufacturing technologies. 

[WOHL15, p.16]  

Whereas the general definition of AM processes is widely accepted, the classification of these 

processes is not. According to Pickert et al. all production processes can be divided into three 

categories. Thereafter, the manufacturing process can be of subtractive, formative or additive 

nature. [PICK13, p.4] While, in the subtractive processes objects are manufactured by remov-

ing material, for example by milling, in the formative processes objects are made by reshaping 

material, for example by forging. In contrast to subtractive processes Additive Manufacturing 

uses a layer wise build-up to create objects. Material is added rather than removed. Further-

more the terminology often differs by the aim and components which are manufactured through 

the process. For the manufacturing of tools a process that uses additive technologies is called 

"Rapid Tooling", for the production of prototypes the term "Rapid Prototyping" is used, whereas 

the production of end-use products is called "Additive Manufacturing" or "Rapid Manufactur-

ing". But still, numerous other terms are used such as "Digital Fabrication", "e-Manufacturing", 

“3D Printing”, "Digital Manufacturing" or "Direct Manufacturing". 

In general, the nomenclature and classification for Additive Manufacturing processes is far 

from consistent, since companies and machine tool suppliers try to enforce their own names 

and brands, which results in a non-uniform nomenclature and causes confusion. 

DIN ISO 8580 groups all production processes into six main groups, each with different sub-

categories. [DIN03] Originally, this classification scheme was designed for the so-called “con-

ventional” processes, but it has its weaknesses when it comes to the classification of AM pro-

cesses. Following the above definition by the ASTM, most but not all AM processes would 

belong into the first group, which is primary forming, as can be seen in Figure 1. 
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Figure 1: Classification of AM processes according to the classical DIN 8580 [DIN03] 

The problem with this classification is that it was last revised in 2003 without taking AM pro-

cesses into consideration. According to their process characteristics most AM processes could 

be categorized into multiple groups simultaneously. The CMB process for example, uses a 

laser as a power source, for the deposition and heat treatment of the raw material and simul-

taneously uses high speed milling as a finishing operation. Thus, the process could be as-

signed to any of the six main groups, as Figure 1 indicates.  

Since this classification into seven main groups has its flaws when it comes to additive pro-

cesses, many authors suggest a different kind of categorization outside of the scheme for 

conventional processes. Most authors either use the state of the raw material, the method of 

bonding, or the deposition strategy as means for classification. [GROT07, p.1311] 

[KULK00, p.19] [KARU10, p.491] Since the state of the raw material cannot always be easily 

identified and some processes, like CMB, can use multiple materials simultaneously, the clas-

sification of process according to its method of bonding seems more appropriate. A suitable 

suggestion following this idea for this classification is represented in Figure 2. 
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Figure 2: Classification of AM processes according to the method of bonding, according to 
[KULK00, p.19] 

This classification scheme uses three main groups, which are “Chemical Bonding”, “Thermal 

Bonding” and “Adhesion or Bonding through Binder”. As can be seen in Figure 2, it is not 

always unexceptionably possible to assign every process into one single of the three main 

groups, but the exceptions are limited and a classification system is always objectionable. 

Thus, the presented classification scheme is appropriate for the categorization of AM pro-

cesses. 

A further categorization into the groups of Rapid Manufacturing, Rapid Tooling and Rapid Pro-

totyping, as in VDI Technical Rule 3405 [VDI14a] seems reasonable out of a product design 

perspective, but not with regard to the process and technology itself. This classification scheme 

has to be seen in its historical context, since AM processes have been a niche technology for 

a long time. While in the beginning technologies like Stereolithography could only produce 

design prototypes, newer technologies are able to produce functional prototypes (Rapid Pro-

totyping), tools (Rapid Tooling) and even directly end use parts (Rapid Production). The term 

rapid does not imply a quick production process itself but aims at an overall increase in produc-

tivity. Since AM processes are nowadays able to create products of many different materials 

and for all kinds of purposes, this classification has become obsolete, as most AM processes 

are capable of producing any kind of component, tool, prototype or end use part. 

Thus, the previously presented classification according to the method of bonding provides a 

sensible and appropriate way to classify the most important AM processes out of a process 

engineering perspective.  
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2.2 Overview of Common Additive Manufacturing Processes 

The field of AM is a very diverse and rapidly growing industry, with new processes, materials 

and technologies emerging on a nearly daily basis. Hence, a categorization is quite difficult 

and must be flexibly adaptive to the changing market situation. VDI Richtlinie 3405 and 

ISO 17296-2 are both making the attempt to categorize the existing processes into seven 

groups. [ISO15] [VDI14a] 

An interpretation that combines both systems into a single classification scheme is presented 

in Table 1. 
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Table 1: Common AM-processes in industrial applications 

 

Category Technologies Material Power Source Strengths Weaknesses

Fused Deposition Modeling

Contour Crafting

Selective Laser Sintering Polyamides and Polymers

Direct metal laser sintering

Selective laser melting

Electron beam melting Electrom Beam

Inkjet printing

Poly Jet printing

Require post processing

Slow build speed

Sheet lamination

High surface finish

Material strength

Low process costs

Laser beam

Paper and plastic sheets,

Sheet metals,

Ceramic tapes

Laminated object

 manufacturing

Strong "staircase effect"

Delamination issues

Decubing issues

Laser engineered net shaping

Electron beam welding

Controlled metal build up

Direct Energy

 deposition

Repair of damaged and worn parts

Applicable in "mobile processes"

Build up of additive layers on a substrate

Laser beam
Metal powders

Metal wires

Thermal Energy
Multi material printing

Surface finish
Low strength Material Jetting

Binder Jetting
Full color printing

Material selection
Thermal Energy

Polymer powder,

Ceramic powder,

Metal powder

3D printing
Infiltration and post curement

Porosities and strength

Photopolymer,

Wax

Photopolymerization Stereolithography
Photopolymer,

Ceramics
Ultraviolet laser

High speed

Good resolution

Inexpensive machines

Multi material deposition 

through multiple nozzles

High accuracy and details

Nearly fully dense parts

High Strength and stiffness

No support structures needed

Limited resolution

Surface finish

Powder handling and recycling

Environmental hazard

Expensive machines and raw 

materials

Overcuring

Brittle parts

High costs for materials

Thermoplastics, Ceramic slurries,

metal pastes
Thermal Energy

Atomized metal powders

ceramic powders

Laser beam

Material Extrusion

Powder Bed Fusing
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2.3 Additive Manufacturing Processes in Detail 

The seven main groups of AM processes, which are presented in Table 1, are explained in 

more detail in the following section. 

Binder Jetting 

According to ISO 17296, Binder Jetting is a process in which a liquid bonding agent is depos-

ited to selectively join a powdered material. [ISO15] The powder hardens and layers of powder 

are then consecutively mechanically added and bonded together to form an object of the de-

sired shape. [GROT07, p.1313] In Figure 3 the process layout is shown. 

 

Figure 3: Binder Jetting process and process characteristics, according to [ISO15] 

As raw materials Binder Jetting uses powdered materials and blends of these and a liquid 

bonding agent to create a chemical and/or thermal bonding between particles. An additional 

thermal activation source might be necessary, depending on the chosen bonding agent. As 

post processing steps, removal of loose powder, impregnation, and infiltration might be nec-

essary. These steps are chosen in accordance with the desired final part properties. [ISO15] 

Originally the Binder Jetting process was developed at Massachusetts Institute of Technology 

(MIT) in 1992 and was called 3D printing. A term that was never trademarked and is now 

loosely used for all AM processes. The Binder Jetting process is today used by various com-

panies: 3D Systems, Voxeljet Technology GmbH, Z Corp., ExOne, and Digital Metal are some 

examples. [WOHL15, p.36] 
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Directed Energy Deposition 

Directed Energy Deposition (DED) uses a focused thermal energy source to fuse materials by 

melting the feedstock material as it is deposited. [ISO15] Metallic powder or wire is directly fed 

into the focal point of an energy source to create a molten pool. Using a multi-axis motion 

stage, the process can simplistically be described as 3D-welding. [GAO15, p.9] The general 

working principle and layout of Directed Energy Deposition is shown in Figure 4. 

 

Figure 4: Directed Energy Deposition process and process characteristics, according to 
[ISO15] 

One advantage of the Directed Energy Deposition process is the possibility to deposit more 

than one material simultaneously, allowing the production of functionally graded parts. Further-

more most systems use a 4- or 5-axis motion system to position the processing head, so that 

the deposition is not only possible in the classical 2.5 dimensional routing but on very complex 

parts and surfaces. [WOHL15, p.41] This allows full 3 dimensional capabilities and makes it 

possible to deposit material on already existing structures, as needed for refurbishment and 

repair tasks. [GEBH13, p.23] [HOEL14, p.33] 

Directed Energy Deposition requires build materials either powdered or as coils. The bonding 

mechanism is strictly thermal, as the raw material is heated and solidifies again. DED uses 

either an electron beam, a laser or a plasma transferred arc as the activation source for the 

thermal process. As post processing steps, removal of powders and spatter, surface treatment 

and heat treatment might be necessary. [ISO15] 

Companies that employ the Directed Energy Deposition Technology in their systems are 

Optomec, POM Group, DM3D, Irepa Laser, BeAm, Trumpf, Honeywell Aerospace, and Sciaky. 

[WOHL15, p.41] Due to its flexible nature when it comes to geometries, the Directed Energy 

Deposition process is often employed for hybrid systems that combine additive and subtractive 

manufacturing processes. The development of such systems is a recent trend in the industry 

and manufacturers of these machine tools include DMG Mori Seiki, Hybrid Manufacturing 

Technology, Mazak, Hurco, and Hermle. [DMGM15b] [HYBR15] [MAZA15] [HURC15] 

[HERM15] 

  



State of the art in Additive Manufacturing 11 

Material Extrusion 

Following the definition of ISO 17296, Material Extrusion is an Additive Manufacturing process 

that uses a nozzle or orifice to selectively dispense a certain material. [ISO15] Figure 5 shows 

the working principle of the Material Extrusion process. 

 

Figure 5: Material Extrusion process and process parameters, according to [ISO15] 

The different layers of the workpiece are generated using a three-dimensional plotter mecha-

nism. The raw material is heated up to its melting temperature and then deposited through a 

nozzle according to the required layer geometry. [GROT07, p.1312] 

Material Extrusion requires filament or paste, which are typically thermoplastics, as raw mate-

rial- The bonding is a thermal or chemical reaction that is activated by heat, ultrasound or 

contacting of chemical reactants. As a finishing step, removal of support material is needed in 

most cases. [ISO15] 

Compared to other AM processes, Material Extrusion is a relatively inexpensive, reliable and 

easy to operate process. It was pioneered by Stratasys in 1991 and has since been adopted 

by many other companies as the patent already expired in 2009. Material Extrusion is often 

used for desktop applications, since it is a cheap and easily controllable technology. This is 

why most desktop 3D printers use a similar technology and companies applying this technol-

ogy are for example Aleph objects, Beijing Tiertime, Maker Bot Industries, Arburg, and 

Ultimaker. [WOHL15, p.33] 

An advancement to faster processes was recently presented by the US based company 

Carbon 3D Inc. Their process is called Continuous Liquid Interface Production (CLIP) and it 

grows parts from a resin tank with a continuously moving workpiece rather than building it layer 

by layer, making it 25 – 100 % faster than comparable processes. Light is projected through 

an oxygen permeable window into a reservoir of UV curable resin and by carefully balancing 

of oxygen and UV emission levels, the part is created. Carbon 3D Inc. was founded in 2013 

and has already reached $ 141 millions of funding, which shows the industries interest in 

quicker processes and its rapid growth potential. [CARB15]  
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Material Jetting 

ISO 17296 defines Material Jetting as an Additive Manufacturing process in which droplets of 

build material are selectively deposited. [ISO15] The material, which is either wax or a photo-

polymer cools and solidifies or is solidified using a light source, which allows to build layers on 

top of each other, allowing a high degree of geometric freedom. [GROT07, p.1313] Figure 6 

shows the general setup and principle for the Material Jetting process.  

 

Figure 6: Material Jetting process and process characteristics, according to [ISO15] 

Material Jetting requires a liquid photopolymer or melted wax as raw material and the bonding 

is activated by a chemical reaction or simply by adhesion as the melted feedstock solidifies 

after it was melted by a radiating light source. As a finishing operation the removal of support 

material as well as further UV exposure for post curing might be necessary. [ISO15] 

Companies that are producing machines which use the material jetting process are for exam-

ple Stratasys, Solidscape, 3D Systems and Keyence. [WOHL15, p.34] 

A different kind of process that still belongs to the material jetting category is the so called 

“direct-write” technology, which deposits “functional inks”. Nanoparticle-sized print materials 

are atomized and combined with an inert carrier gas into an aerosol, which is then propelled 

onto the surface of a substrate material. Voxel8 and Optomec use this technology in some of 

their systems. [WOHL15, p.35] 
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Photopolymerization 

According to ISO 17296, Photopolymerization is an Additive Manufacturing process in which 

a liquid polymer is selectively cured by a polymerization process which is activated by a light 

source. [ISO15] The working principle is shown in Figure 7. 

 

Figure 7: Photopolymerization process and process characteristics, according to [ISO15] 

This process requires a photoactive material as feedstock, which is normally a liquid or paste. 

The bonding mechanism is a chemical reaction that is triggered by UV radiation that is emitted 

by lasers or lamps. Cleaning of excessive uncured resin and removal of support material is 

nearly always needed. Furthermore, a consecutive post curing and thus a further UV exposure 

might be necessary. [ISO15] 

The Photopolymerization process was first commercialized in 1988 by 3D Systems under the 

name of Stereolithography and is reportedly the oldest AM process. [GROT01, p.1312] Now-

adays the patent has expired and is used by many other companies, such as Envisiontec, 

DWS, Asiga, RapidShape, Lithoz, Prodways and Formlabs. [WOHL15, pp.39f] 
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Powder Bed Fusing 

Powder Bed Fusing is an Additive Manufacturing process in which thermal energy is used to 

selectively fuse certain regions of a powder bed. [ISO15] The powder material is heated up to 

its melting temperature according to the geometry of each layer using various kinds of heat 

sources. The material melts partially or completely and solidifies again, but a conventional 

diffusion-driven sintering process is not taking place. Thus, the nomenclature can be mislead-

ing since some companies call their proprietary Powder Bed Fusing process a sintering pro-

cess. By adding layers of powder to the build consequently, complex parts and shapes can be 

achieved. [GROT07, p.1312]  

The working principle and general machine layout with the respective process parameters are 

shown in Figure 8.  

 

Figure 8: Powder Bed Fusing Process and process parameters, according to [ISO15] 

The energy source for most Powder Bed Fusing processes is either a laser or an electron 

beam. The advantage of an electron beam is a much faster processing speed and less residual 

stress resulting in less distortion, whereas a laser creates a better surface finish, finer details 

are achievable and reduced overall system costs. [WOHL15, p.40] 

The materials that are used in Powder Bed Fusing are mostly metal and ceramic powders but 

also polyamides and polymers. The process is a thermal reaction and thus prone to heat in-

duced material inhomogenities. Thus, post processing and curing, removal of powders and 

support material as well as surface finishing operations are needed. [ISO15] 

Powder Bed Fusing processes are the predominant process when it comes to direct or rapid 

manufacturing of end-use parts, resulting in many companies that offer systems of such kind. 

Examples are 3D Systems, EOS, SLM Solutions, ReaLizer, Renishaw, Concept Laser, Arcam, 

Matsuura, Sodick, Beijing Long Yuan, Hunan Farsoon, Shaanxi Hengtong, Trump Precision, 

Wuhan Huake, Aspect, 3D Technology, and Blueprinter. [WOHL15, pp.40f] 
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Sheet Lamination 

According to ISO17296, Sheet Lamination is a process that uses sheets of a certain feedstock 

material to bond the layers together to form an object. [ISO15] Contoured foils or sheets are 

laminated and formed into a three-dimensional shape by cutting them to the required shape 

and bonding them together, using either a chemical or thermal bonding reaction. 

[GROT07, p.1312] The general principle of Sheet Lamination is shown in Figure 9. 

 

Figure 9: Sheet Lamination process and process characteristics, according to [ISO15] 

Sheet lamination requires feedstock of metal foils, papers, polymer or composite sheets. The 

bonding is acquired through chemical or thermal reaction or in some cases ultrasound. Finish-

ing operations are also needed, which are removal of waste materials. Sintering or infiltration 

of the final part for improved properties and a consecutive surface treatment. [ISO15]  

Companies that use some kind of sheet lamination process are for example Helisys, 

Mcor Technologies, and Fabrisonic. [WOHL15, p.37]  
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2.4 Materials in Additive Manufacturing Processes 

The processes which are presented in Chapter 2.3 not only use different processes and bond-

ing mechanisms but they also utilize various different materials as feedstock, which have to be 

carefully evaluated when choosing the appropriate method for the required built. The pro-

cesses and its respective raw materials are presented in Table 2. 

Table 2: Overview of processeable materials for each process respectively [WOHL15] 

 
 

When the Additive Manufacturing processes where introduced in the early 1990’s they were 

only capable to produce visual models out of polymers and polymer blends. Table 2 gives an 

overview of nowadays processable materials and it is shown, that by choosing the appropriate 

process for the designed application, rather any conventionally machinable material can also 

be processed using AM technology.  

Besides these materials for industrial applications there is also material with a rather “playful” 

character and background, like chocolate and sugar syrups for food printing and sandstone 

and glass for art and decoration. 

  

Material

Extrusion

Material

Jetting

Binder 

Jetting

Photopoly

merization

Sheet 

lamination

Powder 

Bed

Fusing

Directed 

Energy

Deposition

Polymers and blends x x x x x x

Composites and 

filled materials
x x x x

Metals x x x x

Graded and 

Hybrid metals
x x

Ceramics x x x

Casting patterns x x x x (x)

Sand molds

and cores
x x x

Paper and wood x
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2.5 Advantages and Challenges within Additive Manufacturing 

AM techniques enable net-shape or near-net-shape manufacturing where the initial production 

of the item is already very close to its final form. [BECH15, p.8] Thus it is obvious that AM has 

a range of advantages as well as it poses challenges when compared to conventional produc-

tion processes, which are presented in the following chapter.  

Automation Design and Process Planning. 

The overall tendency in production processes is the cross linkage and automation of process 

steps as well as the development of automatic assessment tools, as enforced by Industry 4.0. 

Especially Additive Manufacturing technologies have a huge potential here, due to their digital 

nature. There are several parameters that are considered when designing for AM and all of 

them can be put together in order to automate decision making in AM. [PETR10, p.1] 

Costs of Production and Resource Efficiency 

The energy consumption of AM processes has not yet been clearly evaluated. Some studies 

show a significant reduction in energy consumption for low volume production, whereas others 

show that it is comparable to conventional machining. The real benefit seems to be the use of 

less material, thus wasting less energy on raw material creation, material removal and recy-

cling of chips. [BECH15, p.92] [HOWG13] However, if it comes to greater batch sizes, AM 

cannot compete with conventional high-volume production processes like injection molding. 

[BECH15, p.93] The advantageousness of AM processes over conventional processes regard-

ing certain batch sizes is illustrated in Figure 10. 

 

Figure 10: Comparison of costs of production of AM processes and conventional processes 

Decentralized Manufacturing and Inventory Reduction 

AM directly influences economies of scale, since part production is not associated to fixed 

batch sizes anymore. This allows for decentralized manufacturing in closer proximity to the 

customer on a more regional and local basis and not on centralized factories supplying whole 

areas. In this way standard parts could still be produced in centralized factories in large 

batches, whereas more specific or customized parts could be produced more or less “on site”. 
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[WOHL15, p.186] These advancements and capabilities have the potential to revolutionize 

manufacturing operations and whole supply chains. [KHAJ13, p.2] 

Relocation of production sites closer to the customers as well as “Just-in-time” production can 

lead to a significant reduction of safety stocks. Manufacturing without tooling also allows geo-

graphically distributed production so that parts can be made near the location where they are 

required. [HOPK03, p.32] Furthermore, companies are able to simplify their production chain 

and gain more independence from third party suppliers by turning into self-sufficient manufac-

turers. [GAO15, p.2] 

Discontinued Products 

A possible application for AM processes is the manufacturing of spare parts and components 

for discontinued products. Since AM processes do not require specific tooling they allow the 

economically feasible production of very small batch sizes down to single item production. This 

allows the production of parts which are no longer available on the market extending the po-

tential lifespan of certain products. [VDI14b, p.8] 

Geometric Complexity 

With AM technology geometric complexity comes at no additional costs since there is no need 

for additional tooling, re-fixturing, or increased operator expertise or fabrication time. 

[LIPS13, pp.7-13] While many conventional processes can produce very complex shapes, this 

geometric freedom results in increased costs of production. [GAO15, p.5] The design freedom, 

which AM processes offer allows for optimized topology and structure and majorly improved 

internal part geometry. As a result less energy is required for pumping fluids through cooling 

passages, guide vanes in pumps and similar parts for example. [WOHL15, p.188] 

Intellectual Property and Patent Law 

From an intellectual property standpoint, the emergence of 3D printing marketplaces and 

downloadable open-source projects have challenged the current legal landscape and social 

regulations. This might lead to a fundamental shift in the way patents are designed and pro-

tected. [GAO15, p.5] The business research company Gartner estimates that by 2018 intellec-

tual property theft caused by 3D printing and Additive Manufacturing might lead to a loss of 

$ 100 billion worldwide. [GART14] 

Lack of Design Principles and Education 

Due to the rapid developments and changes in the field of AM there is a lack of comprehensive 

design principles, manufacturing guidelines, and standardization of best practices. 

[GAO15, p.1] Accordingly a change in the designers’ way of thinking is required to fully use the 

advantages of constraint free part creation. [PETR10, p.1] Since AM has the potential to un-

couple the design from the production stage completely, an entirely different design approach 

is necessary to exploit the full potential of AM processes. Furthermore, for a broad introduction 

of AM processes to the mass market, the education of engineers and workers need to empha-

size on these technologies, and not only consider them an add-on to conventional processes. 
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Light-Weighting 

Conventional, therefore subtractive or formative processes often leave some material in areas 

just for the ease of manufacturing or clamping. This becomes evitable by using Additive Man-

ufacturing processes. The completely tool-less approach of AM provides the possibility of total 

geometric freedom, thus allowing for radical light-weight approaches and strain and wear op-

timized topologies or bionic structures. [WOHL15, p.1879] 

Manufacturing Expertise 

Conventional machining requires a high degree of specific skills from the worker to produce 

components in adequate quality. Many Additive Manufacturing systems reduce the skills 

needed by an operator and potentially lead to “Zero Skill Manufacturing”, since the initiation of 

a build process is often the only necessary human intervention. [LIPS13, pp.7-13] 

Material Properties and Standardization 

Generally speaking, a major concern when it comes to AM processes is the available range of 

materials and first of all material properties and material strength. For example materials that 

are used for Powder Bed Fusion processes have been suspect to quite some research con-

cerning their properties. The results show that in general they are quite comparable to conven-

tionally produced materials of the same kind. [COST05, p.3998] 

Still, one of the main reasons why the majority of the manufacturing industry hardly regards 

AM as a serious manufacturing process alternative, is that there is no tradition for designing 

parts intended for production by AM, neither are there any established standards for process 

material and quality management. [BOIV11, p.154] 

For many applications the use of AM technology is regarded as an exception due to the lack 

of standards, certifications, and best practices. Therefore an urgent need to develop these 

standards, particularly with regards to critical applications exists. [SASA15, p.9] 

Materials and Machines 

Two major influencing factors on the build-costs of AM parts are the machine or system costs 

and the material costs. Since research in AM technologies is costly and most systems came 

to market quite recently, manufacturers add these investments to the machine costs, thus 

making them more expensive than conventional systems. [HON07, p.335] Furthermore, many 

materials used in AM processes, like powdered metals are expensive to produce and add to 

the total costs of machining. [HON07, p.335] Additionally, many AM system manufacturers try 

to force customers to use their own proprietary materials by including some warranty clauses 

or software lockouts, similar to what can be seen in the document printing industry. 

[WOHL15, p.189] 
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Reduction of Tooling and Assembly 

AM can reduce tooling in many cases and eliminates it completely in some. [WOHL15, p.186] 

This results in a number of benefits, such as reduces lead times as well as shorter times to 

market, reduced maintenance and storage costs for tools. [GAO15, p.5]  

Furthermore AM processes allow the production of complex geometric shapes and integrated 

mechanisms which would conventionally be assembled from multiple parts. The parts are man-

ufactured in place and less human intervention is required as assembly work is reduced to a 

minimum. [GAO15, p.4] The result is fewer, more complex parts in stock rather than a big 

number of simpler parts. [WOHL15, p.187] 

Raw Material Stock-Keeping 

Additive Manufacturing can reduce the amount of raw materials required in the supply chain 

by following an additive production logic and thus only using the material that the final object 

requires. Thus, AM offers possibilities for leaner supply chains with regard to outbound logis-

tics. The transportation ways are shorter or even nonexistent. As the overriding costs are ma-

chines and raw materials, production can take place close to the user or customer and thus 

requires little to no packaging and warehousing. [3DDR15, p.239] 

Speed and Throughput 

Concerning build speed and machine throughput, AM processes are considerably slower than 

conventional processes, therefore a lot of work is put into increasing operating speeds, larger 

build envelopes to include multiple parts in one built and palletized build chambers, in order to 

overcome this drawback. [WOHL15, p.188] 

Time to Market  

With Additive Manufacturing, the lead time is decreased to an absolute minimum since the 

time between initiation and execution of a build is reduced drastically. [LIPS13, pp.7-13] Design 

modifications can be implemented within a shorter period of time reducing development and 

redesign costs significantly, while at the same time the commercialization and time to market 

is accelerated. Furthermore, the up-scaling of production which occur in the transition phase 

from prototyping to large series are avoided, since preliminary series can already be produced 

with high quality. [3DDR15, p.239] 

Toxicity and Environmental Impact 

The overall environmental impact of Additive Manufacturing processes is considered to be 

significantly lower than the impact of conventional manufacturing processes. The resource and 

material efficiency is better due to the near-net-shape manufacturing of AM processes and AM 

does not use any cutting fluids, which are often considered the main source of hazard in pro-

duction waste streams caused by conventional machining. [HOWG13] On the other hand the 

production and processing of powdered materials, as they are used in powder bed processes 

is energy consuming and potentially harmful. [BECH15, p.93] 
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3 Application Cases of Additive Manufacturing Processes 

Already 15 years ago, the European Commission funded a support program named “RAPTIA”, 

which was a European thematic network of research institutions, universities, and industry 

partners working with Rapid Tooling.  

After its expiration a new seven-year program, “NEXTRAMA”, the “Network of Excellence in 

Rapid Manufacturing”, followed the project. The goal was to achieve efficient and sustainable 

Rapid Manufacturing processes through a coordinated effort to create a permanent support 

organization. [BECH15, p.66] The European Commission’s interest and funding of AM tech-

nologies indicate the significance of the industrial sector of Additive Manufacturing. As produc-

tion volumes generally decrease, the application of AM technologies in direct manufacturing 

applications and Rapid Manufacturing may grow significantly and the market offers a lot of 

unused potential. [HOPK03, p.32] 

The striking aspect about Additive Manufacturing is the wide range of possible applications, 

reaching from Rapid Production and Rapid Tooling as industrial applications, medical manu-

facturing and 3D bio-printing with living cells to 3D home printing with desktop applications. 

The different areas, however, differentiate in terms of maturity. [BECH15, p.12]  

As the Gartner Hype Cycle, which is an evaluation of a technology’s life cycle stage, indicates, 

AM in the industrial area is already an established technique, whereas AM in the consumer 

area or biomedical applications are at earlier stages of development. [GART14] Corresponding 

to this technological evaluation, a macro-environmental assessment revealed that the market 

for AM technology and related services is still far from being saturated and offers significant 

financial potential in the future. [BECH15, p.10] 

Leaving out the Rapid Prototyping sector and the consumer business industry, the four biggest 

customers of the AM industry are Industrial machines and tooling with 17.5 % market share, 

the automobile industry with 16.1 %, aerospace with 14.8 % and biomedical with 13.1 %. 

[WOHL15, p.21] Concerning the production of end use parts, the aerospace industry is the 

main driving force, followed by the biomedical sector and the automobile industry. 

[3DDR15, p.23] 

Deducting from the above mentioned effectuations a detailed literature review has been con-

ducted to screen and sort application cases of AM processes from the Industry. Figure 11 

Figure 11: Cases of AM-processes in an industrial production settingshows some of these 

exemplary cases in which AM technologies have been used for the industrial production of 

end-use components used in the four main areas: Automobile, Aerospace, Biomedi-

cal and Tooling. For better clarity and readability only representative cases are given and ref-

erences have been left out completely at this point but are presented in a list that can be found 

in the Appendix. 
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Figure 11: Cases of AM-processes in an industrial production setting 
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3.1 Aerospace Applications 

In the aerospace and aviation industry saving weight is one of the major objectives, since it 

directly results in fuel savings and thus cost reduction. Prototyping of different components has 

always been the key to develop new light-weight products, which is why RP found its way 

relatively early into this industry. The Airbus Group began experimenting with AM technology 

already in 1993, directly after its market introduction. The usage of lattice and hollow structures 

was promising concerning weight saving potential, so the company decided to investigate this 

trend in detail. Since 2003, Airbus finally uses AM for functional components on commercial 

and military aircraft and still considers the technology to have a large unused potential not only 

in the aerospace sector. [BECH15, p.32] 

There are two main reasons why the aerospace industry is one of the pioneers regarding the 

integration of AM technology. First, the relatively small number of some hundreds to a few 

thousand parts makes design efforts in single parts interesting. Second, the batch sizes in 

aviation are comparably small and the parts are rather complex. Furthermore, since the pro-

duction of end-use metal parts became reality, one can think about many different applications 

of AM in the aviation industry. Especially because of the long utilization time of an aircraft, 

permanent weight reduction is elementary to safe fuel and thus costs due to its amortization 

over time. Over a lifetime, every saved kilogram of weight equals a reduction in fuel consump-

tion of 45000 liters of kerosene, or a rough estimate of € 27250. [LUFT12] Although this would 

be highly interesting for commercial aerospace industry and especially passenger aircraft, AM 

is primary used in military applications so far. [BECH15, p.32] 

One of the main target sectors for AM is the fabrication of lattice or spatial structures. The idea 

of having a shell of a defined thickness with a lattice structure in its interior in order to reduce 

its weight is not new. However, with conventional processes it is difficult to fabricate this struc-

ture. Additive technologies enable direct fabrication of lattice structures with gradual and con-

trolled porosity. Weight reduction and the increase of the strength-to-weight ratio are important. 

Aerospace parts are very expensive because conventional processes are highly wasteful in 

their operations. Using AM in the aerospace sector enables redesigning and weight reduction 

of parts, which means that costs of fabrication will decrease significantly. 

Some empirical studies compare traditional manufacturing processes for aerospace and auto-

motive parts with Selective Laser Melting. It was shown that the same part, redesigned for 

SLM, had the same mechanical properties and 40 % less material and thus weight. When the 

lightweight parts are introduced into aircrafts, a lot of energy is saved by using less material in 

part fabrication and the lower fuel consumption in the useful life of the aircraft. 

[PETR10, pp.10f] 

As stated, the aerospace industry is a key growth market for AM. Engine and turbine parts as 

well as cabin interior components with complex design can advantageously be manufactured 

using AM processes. The technology has the potential to make aerospace parts lighter, per-

forming better and costing less compared to those manufactured by conventional techniques. 

Apart from Airbus, especially Boeing has been and still is a pioneer in the AM industry. They 
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started to adapt the technology in the 1990s and up to 2014 they have installed over 200 

unique parts on 16 different types of commercial and military aircraft. [WOHL15, p.22] GE 

Aviation is another early adopter. Currently they design a new aircraft engine which will include 

a number of additively manufactured critical metallic parts to save weight and optimize its de-

sign, reliability, and overall costs. Furthermore, in 2015 GE Aviation has announced the annual 

production of more than 30k fuel nozzles for their new LEAP engine using a powder bed fusing 

process and claim to produce a total of 100k parts annually by 2020. These produced nozzles 

are 25 % lighter than their predecessors and consolidate 18 separate parts into one single 

component, making assembly quicker and easier. [GENE15]  

There are many examples that already show how a bionic and complex design can save a 

significant amount of weight. The “SAVING” project for example is one of them. The design of 

an additively manufactured titanium belt buckle for airplanes was changed and topologically 

improved, and the weight of originally 155 g could be reduced to 70 g which represents a 

reduction of 55 %. Installing these buckles in an A380 with only economy seating, which is 853 

seats in total, reduces the weight by 72.5 kg. [BECH15, p.32] Taking the before mentioned 

savings per kilogram into account, this equals fuel worth approximately € 2.0 million. In addi-

tion, EOS GmbH released a case study of a topologically optimized Airbus A380 bracket made 

of stainless steel powder produced with the DMLS technology. In comparison to conventionally 

manufactured parts the weight could be reduced by 40 % from 56 g to 33 g [EOS14a]  

Figure 12 shows aforementioned bracket for the Airbus A380 on the left as well as a topologi-

cally optimized prototype of a titanium bracket on the right. 

 

Figure 12: Topologically optimized aircraft brackets produced through DMLS by EOS GmbH 
[EOS14a] 

So far, aerospace and especially aviation components are a main driving force and economical 

factor for the development of AM technology and are annually produced in five digit numbers. 

[BECH13, p.42]  

Another advantage of using AM in aerospace applications is the potential to produce parts with 

improved structure and topology and thus component capabilities.  
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This could be either a result of revolutionary new component design or a reduction of losses 

due to consolidation of multiple parts into one and parts with integrated components. EOS 

GmbH for example optimized a jet engine by following both approaches simultaneously. The 

part was created layer-wise by sintering a cobalt-chrome alloy and the fuel efficiency was im-

proved by optimizing the airflow and fuel swirling in the part. Redesigned turbines as well as 

lighter and more precise fuel nozzles enabled this advancement. In addition, this allowed new 

methods of cooling by integrated fuel channels. This resulted in a 50 % cost reduction on top 

of the additional 40 % reduction in weight, while simultaneously increasing robustness since 

no joint sections were necessary any more. [EOS14b] 

Finally, AM also offers possibilities of waste reduction and reduction of emissions in the aero-

space industry. Many of the conventionally cast and subsequently milled parts are built top-

down and produce a lot of undesired waste. A combined study of EADS and EOS shows that 

the buy-to-fly ratio can be reduced from 2.1 to 1.5, which represents an improvement of 29 %. 

The study shows further that the emissions of carbon dioxide can be decreased significantly. 

[Bech15, p.33] 

Recent developments yield the potential to accelerate the advances of AM technologies in the 

aerospace sector even further. AM can increase the functional performance of components, 

for example by making them lighter and bring additional cost benefits by reducing the quantity 

of material required and the level of waste. Yet, the costs for titanium powders, as they are 

often used in aerospace applications, have been a hindering factor. UK based company 

Metalysis has now developed a new low cost technology for the production of such powders. 

They produce titanium powder directly from rutile, a mineral composed primarily of titanium 

dioxide (TiO2) using electrolysis in one step, significantly reducing the cost of metal powder 

production. [GKNA15] This method of producing titanium powder could enable its wider use in 

aerospace and beyond, where previously its usage has been economically inefficient.  

A late adopter of AM for end-use components is the space industry. This market has been 

slowly adapting the new paradigm of using AM for end-use parts with accelerating pace. Ad-

ditively manufactured satellite parts start to be a viable option while NASA has funded the first 

Additive Manufacturing machine tool designed for the use at the International Space Station 

(ISS), which is planned to be launched in 2015. NASA and ESA are also developing specifically 

engineered additive systems for building on-site space structures. [NASA14] 
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3.2 Automobile Applications 

Most car manufacturers nowadays offer an increasing number and variety of car models that 

are even further customizable by the customers themselves. Despite systems like the modular 

transverse/longitudinal matrix used at the Volkswagen Group, which allows sharing essential 

car parts among different models and brands of the group, many components still require 

model-specific production. [VOLK15] This especially affects interior features which simultane-

ously present the highest customization potential in a car. The large number of different com-

ponents creates a problem considering warehousing and a lean production. Here, AM can 

provide a different and profitable approach in producing the desired customized parts and re-

duce assembly costs. While already being practiced in the premium car segment, where for 

instance Bugatti is additively manufacturing complete dashboards [SHAP09], AM has not yet 

arrived in the mass-market production, but deems promising for future improvements. 

[BECH15, p.33] 

There are several advantages for using Additive Manufacturing processes in the automotive 

industry, the major one being the capability of AM processes to produce very complex struc-

tures, thus the individual vehicle components can be substantially larger and the number of 

parts reduced. American car manufacturing KOR Ecologic is using this approach for the pro-

duction of the URBEE and URBEE 2, cars that are produced using mainly AM technology. The 

URBEE 2 consists of only 50 individual components, compared to a standard car with roughly 

10k parts, this leads to a major simplification in assembly. Nevertheless, currently the URBEE 

is mainly build from ABS, resulting in poor material properties and a total weight of about 

544 kg. The manufacturing process is outsourced to Redeye, an on demand Additive Manu-

facturing service provider, and it takes about 2,500 hours to complete a single car. [KORE13] 

The German company EDAG Engineering GmbH is following a similar approach. At the Ge-

neva Motor Show in 2014 they presented a new vehicle design with organic form. Figure 13 

shows the concept study and the real manufactured car as it was exhibited on the Geneva 

Motor Show.  

 

Figure 13: The EDAG Light Cocoon concept car shown at the Geneva Motor Show in 2014 
[EDAG15] 

The whole body and frame were produced using high-resolution FDM machines. The car body 

is completely produced using FDM machines using a carbon reinforced ABS material. Here as 
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well, many components are consolidated into one and the overall number of components is 

significantly reduced. [EDAG15]  

There are numerous other examples of car components being manufactured using AM tech-

nology, like the Harbinger race car, with a proven track record of two seasons, which runs with 

more than 45 functional components that were additively manufactured. [HARB15] Another 

one is the Formula Student race car, designed by the University of Stuttgart in 2012, which 

used laser sintering to produce a particularly light but stable wheel suspension, or the Global 

Formula Racing Team, that built a modular battery system for their electrically powered car. 

[EOS14c] 

What all these examples from the automotive industry have in common is that they are proto-

types, one-of-a-kind products or only produced in very small batches. 

The application of AM processes in the real automotive serial production has not been prac-

ticed yet. The main reason is probably the high batch sizes and the strict safety regulations for 

passenger cars, when it comes to crucial structural parts and passenger safety. 

Another important aspect in the automobile industry is light-weighting and the fabrication of 

lattice or spatial structures as it is for the aerospace applications as mentioned in chapter 3.1. 

But in the automobile industry weight saving is not as crucial, since a weight reduction does 

not result in a comparable fuel reduction due to shorter service and life times. [PETR10, pp.10f] 

Nevertheless, automotive manufacturers in large mass production struggle with the needs of 

sustainable energy efficiency and resource efficiency, reduction of emissions and production 

costs, the continuing demand for innovation as much as product customization. AM technolo-

gies offer a series of solutions such as maximum design freedom, lightweight components, 

individualized production, and tooling free manufacturing. All these aspects potentially yield 

promising results and can be applied profitably in the automotive industry. Furthermore, the 

innovation of new vehicles can easily be achieved, enabling the development to run faster and 

release new versions quicker to the market.  

Thinking ahead, AM processes could influence the automation and production process even 

further. Taking this to an extreme, even the manufacturing of complex parts such as engines, 

manufactured in block directly into the engine compartment is imaginable. As a result, the 

engine would not only get more efficient and less error-prone, but also easier to install.  

The deduction is that AM processes have a lot of unused potential available for the automobile 

industry, which has yet to be fully deployed. Processes that are already used for the large-

scale production of aircraft components can be applied to the passenger vehicle market in the 

very same way. The threshold here is mainly the cost of production and raw material. Since 

there is a noticeable development towards lower production costs in AM, the introduction of 

high volume production of automobile parts is probably just a matter of time.  
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3.3 Biomedical Applications 

Additive Manufacturing has found widespread use for bioengineering tissue, varying from bone 

and teeth to vascular and even organ scaffolding. Most experts agree that of all areas, AM 

bears the highest potential for a fundamental market disruption in the healthcare sector. 

[BECH15, p.8] In this area, AM is probably more needed than in any other application as it 

enables individualized design, for instance for surgical guides, implants, prostheses, or tissues. 

But like in all other areas as well, AM applications vary in terms of technological maturity in the 

field of healthcare, too. Whereas it is already common practice in dentistry, bio-printing of tis-

sues and living cells is still at a stage of early research and one-of-a-kind applications. 

[BECH15, p.9] Although AM is still far from everyday application in clinical processes, many 

success stories exist. For example those of a 2-year-old child who received an additively man-

ufactured windpipe or a teenage boy who received a bladder. [PRIN11] [THEN14] 

Figure 14 shows the additively manufactured bladder and windpipe, of which congeneric items 

have been successfully implanted in patients, as mentioned above. 

 

Figure 14: Printed windpipe and printed bladder [PRIN11] [THEN14] 

The main challenges when introducing a foreign scaffold to the body are the ability of the ma-

terial to be absorbed by the body and whether or not it will be compatible with or be rejected 

by the body. These are the reasons for scaffolds traditionally being manufactured out of tissue 

taken from the individual in need. However, in some cases the required scaffold area is too 

large for autogenous tissue sampling to be reasonable with regard to the patients’ health. The 

ability to customize an additively manufactured scaffold for tissue regeneration allows for indi-

vidualized treatment according to the specific patient’s or individual’s needs. At the same time 

scaffold formation from the patient’s own tissue is avoided resulting in a less invasive process. 

[GROS14, p.3244] Accordingly, Additive Manufacturing has become very attractive for the de-

velopment of resorbable and biocompatible materials and products. 

In the medical sector tailor made products are most needed, since every patient is a unique 

case and its care must fit perfectly. Therefore for this single unit production of medical products 

such as medical instruments and devices or even artificial implants the quality standards are 

significantly high. Moreover the cost and the time of production should be reasonable in order 

to be accessed from everyone and to avoid technological lockouts. Thus, AM suits perfectly in 

the area of medical applications as a fast, flexible, and cost effective method for the production 
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of medical products. It has the advantage of design freedom and implementation of unique 

features in addition to simultaneous production of individual parts resulting in a profit income.  

The advantages of AM in biomedical applications are numerous, but the most important ones 

can be summarized as follows: 

 Complex and personalized forms can be obtained with relatively little effort. The human 

body, especially its osseous structure, has a very complex shape full of details and AM 

is the best option to reproduce these shapes. 

 The overall product development is much faster than conventional processes. A 

CT scan of a zone to be reconstructed is accomplished and converted to a model. The 

model is then exported to a STL file, sliced and sent to the machine where the part is 

finally fabricated.  

 Surgical intervention time is reduced as a CT scan of the zone to be reconstructed is 

used also to reconstruct the whole zone, not only the implant. This way, all the neces-

sary adjustments of the implant can be made using the model before the surgery be-

gins. This does not only shorten the intervention time, but also allows surgeons to train 

for the specific operation, potentially resulting in fewer casualties. [PETR10, pp.9f] 

The main application area of AM in current biomedical applications is medical implant products. 

For example 50k hip cup implants have been implanted into patients, a number that shows the 

magnitude this business area already has today. [WOHL15, p.22] Another example is that of 

additively produced dental aligners. So far, more than two million patients have been treated 

with additively manufactured dental aligners produced by Align Technology Inc. [ALIG15] An-

other example for the advanced adoption of AM technologies in the production of healthcare 

products is the manufacturing of hearing aids, as virtually every hearing aid manufactured to-

day is produced using various AM processes. [BECH15, p.41]  

These examples give an idea of the impact that AM processes already have on the healthcare 

sector and the development is far from over, as an analysis by Transparency Market Research 

estimates the global total financial volume of Additive Manufacturing in the medical application 

market to reach $ 965.5 million by 2019 compared to a market size of $ 354.5 million in 2012. 

[TMR13, p.45] This represents a compound annual growth rate of 15.4 %.  
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3.4 Tooling Applications 

Using AM technology for the creation of tools, often referred to as Rapid Tooling (RT), can be 

considered as an extension of Rapid Prototyping, in which AM processes are introduced into 

the tool making process. The tooling sector has already been converted into a stronghold of 

AM and is now one of the main pillars of the AM industry. [PETR10, p.9] The segment as such 

comprised $ 1.2 billion in 2012 and rose to $ 1.36 billion in 2013. [WOHL14, p.115] 

[COTT14, p.6] Due to its economic significance, a lot of research has been conducted in this 

area and various processes have emerged and have been commercialized during the last 

years. These processes were gathered and sorted and are presented in Figure 15. 

 

Figure 15: Applications of AM-processes for tooling in industrial settings [RÄNN07, p.129] 
[KNIG01, p.17] [WOHL15b] [ROSO00, p.193] 

The total number of processes shows the significance which AM processes have for the tooling 

industry as one of the early adopters of this technology. Rapid Tooling can not only provide an 

efficient way to build tools in general, but it is promising for repairing and rebuilding tool sur-

faces, even those that were originally conventionally machined. [KNIG01, p.18] Repair and 

refurbishment using AM technology is more and more common to maximize the lifetime, avail-

ability and overall profitability especially for high-value parts and tools. [PINK07, p.345] Faster 

cycles, increased speed and accuracy, as well as the production costs play a vital role in the 

tool manufacturing process. The Rapid Tooling methods offer an alternate option to traditional 

manufacturing, [MESH12, p.58] and the opportunity to reduce the costs of the tool making 

process in multiple ways:  
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 AM in tooling can reduce the amount of scrap material by producing net-shape or near-

net-shape geometries and in this way improving resource efficiency. [WOHL14, p.115] 

 Increased geometric freedom and thus improved functionality e.g. conformal cooling 

which may prove to be one of the most important benefits provided by Rapid Tooling. 

[HILT00, p.70] [PETR10, p.9] 

 Improved product yield and reduced labor costs. [COTT14, p.7] 

 Capability to produce complex designs and custom one-of-a-kind tools due to reduced 

fixed costs. [LEVY02, p.13] 

 Ability to get products onto the market faster and to reduce costs and lead-times re-

quired for the tooling phase in production cycles. [SIMC03, p.319] 

Since the manufacturing of specialized tooling is one of the technically most demanding and 

most costly aspects of production development, AM can offer substantial benefits. The reduced 

costs have the added advantage of a quicker tool replacement and thus potentially easier and 

faster improved product updates and functionality in tooling. [COTT14, p.9] 

Rapid Tooling applications have high demands concerning accuracy and surface finish, since 

any error in the tool is directly conveyed to the manufactured component. Therefore, the initial 

dimensional accuracy as well as the dimensional stability of prototype patterns should be con-

sidered carefully. [ROSO00, p.197] 

The field of Rapid Tooling applications can be divided into two main groups, which are Direct 

and Indirect Tooling. 

Indirect Tooling 

Indirect tooling is a method of producing tools by first creating a pattern as an intermediate 

step which is referred to as the “master”. This is a physical 3D shape which is then used to 

finally produce the actual tool. This “master” is normally not damaged by the process and can 

be re-used and its costs incur only once. [WOHL14b] [SPRA15] Generally speaking, indirect 

tooling methods involve more steps than direct methods. [RÄNN07, p.129] 

Direct Tooling 

Direct Tooling is the direct manufacture of tooling from a CAD file, rather than using an inter-

mediate step and the creation of a “master” to assist in the making of a tool. [WOHL14b] 

[SPRA15] 

Using the Direct Tooling approach and creating tools directly using AM processes is challeng-

ing, due to the soft materials used in the process and thus rather limited accuracy of the parts. 

[ROSO00, p.196] Nevertheless, there are various established applications in this field, which 

are listed in Figure 15.  

The processes are sorted according to their aptness to be used as either direct or indirect 

tooling processes. Yet, the available information for some of these technologies is quite limited 

and thus the classification is considered loosely and not absolute. 
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However, the major disadvantages of Direct Tooling processes are their restricted size due to 

a limited build-envelope and the limited robustness of the tools. Generally speaking, tools pro-

duced by Direct Tooling processes are effective for short runs of up to around 5k components, 

but generally not for long run production. [SPRA15] 

A nearly full relative density is one of the most important properties required for tools that are 

built for long term production cycles. [LI01, p.132] For instance, porosity can lead to tool failure 

because of low mechanical resistance, elastic limit, Young's modulus, and toughness. It also 

affects the surface quality and dimensional accuracy of the components which are produced 

using the respective tool. Thus, a process capable of producing nearly full dense parts holds 

a lot of promises for the Rapid Tooling industry. 

A process that is capable of producing tools directly must therefore have the following features: 

 It must yield precise geometry so that rework associated with fitting components does 

not consume a significant portion of the time saved using an AM approach. 

 It must be capable of high production runs and rates. 

 It must provide a hard, durable surface with a good finish without significant rework. 

 It must not limit the size of tools that can be produced due to a constraining build-

envelope. 

 It must not be limited concerning part features and geometry, e.g. production of cavi-

ties. 

 It must be able to produce tooling for an application within reasonable time. 

[HILT00, p.129] 

This list of requirements is extensive but necessary as any failure in tooling is directly conveyed 

into the component and thus the final part. 

  



Hybrid Additive-Subtractive Systems 33 

4 Hybrid Additive-Subtractive Systems 

Additive Manufacturing processes are not yet capable of taking over serial production on their 

own, as can be seen in chapter 3.1 to 3.3, since most processes have not left the one-of-a-

kind and prototype production stages. There are cases of mass production using additive tech-

nology as shown in Chapter 3, but these are few and make only a small percentage of all 

producing industrial sectors. 

But a combination of classical subtractive processes and additive processes seems promising 

and could be the perfect symbiosis. In doing so, well tried and established procedures do not 

have to be cast aside and the additive processes can be added into conventional and already 

existing process chains, using and combining the advantages of both. [3DDR15, p.26] 

Hybrid additive-subtractive systems are processes in which the component is built in layers 

using some kind of AM process. Each layer is first built and then face milled to remove the 

excessive material and to ensure z-accuracy. This milling operation can either be executed 

after each layer build-up or after a defined number of layers, depending on the process. These 

additive-subtractive processes focus on material integrity and the result is a near-net-shape 

with sufficient machining allowance. The inherently fast CNC machining, and the subtractive 

process that follows realize the desired geometric quality. On the one hand the achieved ma-

terial properties succeed those of other AM processes, but on the other hand the achievable 

total energy efficiency is quite low, where some sources cite it to be as little as 5 % in total, 

taken the raw material production into account. [KARU11, p.331] 

Most hybrid systems use some kind of Direct Metal Deposition for the build-up of material and 

only few use a Powder Bed Fusion process. Details about the different machining systems are 

presented in chapter 4.6. A major advantage of the Direct Metal Deposition systems is the 

broad range of processable materials: metals, ceramics, polymers and compounds, nearly all 

weldable materials can be used. [KAIE12, p.337] Hybrid additive-subtractive manufacturing 

processes, such as CMB, hold the promise of drastically decreasing the time to market for new 

products and reducing the life cycle costs of existing products. New types of manufacturing 

jobs in the economies of the world would be created and this will be especially true as manu-

facturing moves from a resource base to a knowledge base and as important manufacturing 

segments move from mass-produced, single-use products, to new mass-customized, high-

value, life-cycle products. [BEAR07, p.14] 

A hybrid manufacturing concept with additive and subtractive processes seems promising to 

overcome many of the flaws of both technologies and can be applied for increasing manufac-

turing flexibility in general. [KERB10, p.12] A combination of AM with CNC milling in a hybrid 

process allows for the application of each process to the production of the section of the prod-

uct geometry for which it is most advantageous. [BOIV11, p.153] Furthermore, the integration 

of hybrid AM processes has very high potential for producing parts of the required quality in 

the shortest possible time. [SASA15, p.4] Therefore a hybrid system is needed, that performs 

both, deposition and CNC machining in a single machine and single setup. [HUR02, p.741] 
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Figure 16 illustrates the concept of such system with some beneficial aspects of the integration 

of additive as well as subtractive manufacturing capabilities into a single setup. 

 

Figure 16: Advantages of the combination of AM and CNC machining capabilities into a hybrid 
system, according to [HUR02] 

Figure 16 shows the mutual benefits that a combined system with additive and subtractive 

machining capabilities can have. Whereas the dimensional accuracy, surface quality, material 

properties, need for tooling, the number of production steps, the integration of quality control 

and the required process knowledge is generally low for additive manufacturing processes, the 

very opposite is the case for CNC machining. On the other hand resource efficiency, ease of 

fabrication, process automation and throughput time are generally high in Additive Manufac-

turing but low in CNC machining. This exhibits the mutual advantages that a combination of 

both processes can bring. 

As mentioned earlier, most hybrid AM systems use some kind of DMD process, which is similar 

to laser deposition welding that is mainly used for repair purposes but its potential applications 

are also within complete part build-up. [KLOC14, p.17] [KAIE12, p.1] The components gener-

ally have no end-use product quality, but require some kind of reworking like surface milling. 

[KLOC14, p.18] [BERT07, p.413] Consequently a multi-stage process is needed as introduced 

through Figure 16. When installed on a robot arm or a 5-axis CNC machine, the process is 

fully 3D capable. 

A major advantage of laser build-up welding is to build on a substrate material and thus be 

able to utilize already existing structures. [BERT07, p.412] The substrate material for example 

can be a low cost component like a bracket, on which additional features can be build, making 

it economically and technically advantageous. The process can not only use various common 

materials, but also oxygen-affine titanium alloys, shape memory alloys, nano-composites and 

nickel-base super-alloys. [KAIE12, p.2] 

Regarding material properties, the Directed Energy Deposition process can be considered a 

mini-casting process characterized by heterogeneous nucleation and directional rapid solidifi-

cation. As a result, the microstructure of an AM part produced through DED and a cast part 
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are similar and material properties of a hybrid system are thus superior to most other conven-

tional AM systems. [BAUF11, p.115] Parts produced through SLM for example, often have 

undesirable metallic structures and induced thermal stress due to rapid volume change during 

melting and solidification. [ABE01]  
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4.1 The Controlled Metal Build-Up Process (CMB) 

The following chapter describes the Controlled Metal Build-Up process as it was developed at 

the Fraunhofer Institute for Production Technology in Aachen, Germany. The Basic principle 

of this process is independent of the substrate and feed material used. The focused laser beam 

creates a strictly localized melt pool on the surface of the substrate. The feed material, either 

powder or wire, is fed into the focus and melts inside of the melt pool on the surface. The slight 

melting of the substrate, which is needed for the metallurgical bonding is mainly achieved by 

heat conduction and the partial overlapping of each individual weld seam provides a homoge-

neous coating. A slight dilution of the cladding material into the substrate generates good met-

allurgical bonding. Due to the rapid cooling through the substrate material, the melt pool solid-

ifies quickly and weld seams are formed. The working principle is illustrated in Figure 17. 

 

Figure 17: Schematic drawing of wire-fed welding process for CMB 

The width of the seams normally varies between 0.2 mm and 6.0 mm, whereas the height 

normally varies between 0.1 mm and 2.0 mm, depending on the substrate and raw material as 

well as the chosen process parameters. By overlapping of weld seams, build-up formations 

can be achieved. Multilayer deposition also allows the build-up of 3D shapes.  

To minimize the influence of previously deposited layers on the newly formed layers, a milling 

operation after a defined number of deposited layers is executed. The ratio of deposited layers 

and milling operations has to be adapted to the weld and substrate material as well as the 

required final properties of the part. Deposition of several layers may lead to the stack up of 
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errors along the vertical direction in z-axis. To overcome these problems and deposit the next 

layer on a geometrically determined surface, the layer is face milled before the next deposition. 

[KARU11, p.333] When the desired near-net-shape is achieved, a finish milling operation is 

conducted and the final geometry is completed. If necessary, followed by surface finishing, 

heat treatment or any required post-machining process which follows in another setup. 

Deposition rates vary between 0.1 kg/h and 1.5 kg/h, depending on the substrate, the raw 

material, the required accuracy, and surface quality. The substrate and feed material is chosen 

in accordance with the application and required properties of the component. A major ad-

vantage of the CMB process is the variance of processable materials which enables it to be 

used in various applications. The 4.5 kW diode-laser used in the CMB process offers the ad-

vantage of a repeatable energy input that grants good reproducibility of the deposition process 

and therefore a reliable process with good capabilities for an automated build-up and repair 

process. [GRAF12, p.376] 

Deposited weld seams will in general be of convex shape with the penetration being initially 

lower at the starting position due to the heat sink of the substrate material and an increasing 

temperature throughout the process. Thus the weld seam thickness will slightly decrease dur-

ing the process and these uneven portions of the layer will influence the deposition of suc-

ceeding layers. Thus, after consecutive deposition of a few layers a significant deviation from 

the originally and theoretically expected shape will be accumulated and a face milling operation 

of the slice will be necessary to ensure the correct vertical height.  

At the starting point of each weld seam a molten pool must initially be generated, the wire is 

brought into contact with the surface of the substrate and is then melted. Alternatively, a molten 

bath is first generated on the surface and the wire is immersed consecutively into the already 

existing melt pool. A certain holding time is necessary for the stabilization of the melt pool with 

the tool head being kept stationary and the laser emitting radiation. Consecutively the weld 

seam can be deposited on the surface free of force with ideally no mechanical interaction 

between wire and substrate. 

An increase in this holding time, where the focus is stationary on the substrate leads to a high 

energy input which results in dissolving of the melt pool resulting in an uncontrollable geometry 

of the starting point of the weld seam. 

The heat input into the substrate material and the heat dissipation during the formation of the 

weld seam will vary and become stationary at some point during the process, which depends 

on the material and machining parameters that are used. 

At the end of the seam formation the welding wire must be removed from the molten bath 

without cooling of the melt pool to avoid attaching the welding wire to the substrate material, 

which would cause a process abortion. This is avoided by a short delay between the retraction 

of the wire and stopping the laser, so that the wire is brought out of the contact zone while the 

melt pool is still heated.  
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In addition to the geometric and kinetic parameters other environmental parameters have to 

be considered as well. Weld seam formation under normal atmospheric conditions would 

cause some metals and additives in the welding wire to burn uncontrollably, which is avoided 

by using shielding gases, mainly helium and argon. The choice of materials and protective 

gases has a major influence on the quality of the weld seam and needs to be considered 

carefully. 

The following chapter describes the machine tool and peripheral equipment of the CMB pro-

cess in more detail.  
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4.2 Machinery of the CMB Process 

The original CMB tooling that was developed at the Fraunhofer Institute for production tech-

nology in cooperation with Roeders GmbH could not be used in the experimental part of this 

work, due to planned maintenance procedures and modifications. Thus a different setup was 

used as it is described below. 

The machine tool that came into operation is a prototype that was developed in cooperation 

with the company Alzmetall Werkzeugmaschinenfabrik und Gießerei Friedrich GmbH & Co. 

KG. For this purpose a 5-axis milling machine was modified accordingly. 

The laser optics were added to the spindle and all feeding lines are installed into the cable 

chain of the CNC machine. Through several gas nozzles it is possible to feed powdered ma-

terials coaxially into the laser beam. 

Additionally wire feeding using a lateral arm is possible. Due to this, it is possible to use the 

machine tool for laser hardening, alloying, surfacing, build-up and combinations of the former. 

Even a simultaneous use of powder and wire feeding is theoretically possible. The deposition 

is possible on any existing geometry with a positioning accuracy of up to seven microns, there-

fore the machine is potentially capable of creating any three dimensional structure. 

The following chapters briefly explain the different machine tool components which are used 

in the prototype. The powder feeding mechanism is not introduced here, since it is irrelevant 

for the conducted experiments, as solely the wire feeding mechanism was used.  

4.2.1 CNC Milling Machine Tool 

The CNC milling machine is the basis for the prototype. It provides the means not only for 

positioning the deposition head but also for the control of all machine components via inter-

faces which are driven by CNC commands. The transformation of the CAD data into CNC 

machine code is undertaken by a proprietary developed CAM module. 

The CAM module is responsible for the slicing of the CAD data as well as for the orienting of 

the weld seams in the respective plane. Furthermore the detailed process steps for each indi-

vidual weld seam formation must be implemented. But since the weld seam formation is crucial 

for the experiments which are conducted in the present work, the CAM module was not used 

and the CNC programming was done manually in order to influence their aligning directly. 

4.2.2 Laser 

The laser, a 4.5 kW diode laser provided by Laserline GmbH, as the source of energy is a 

crucial part of the prototype. An optical fiber guides the laser beam through the cable chain of 

the CNC tool to the processing head. 

While the optics permit some degree of variation of the focal point, the focal plane during the 

experiments is locked on 11 mm in front of the coaxial nozzle. In the working distance which 

is kept at 21 mm the laser spot has a diameter of 2.1 mm.  
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4.2.3 Wire Feed Mechanism 

A wire feed mechanism from DINSE GmbH is used in the prototype. The wire is unwound from 

the coil and then guided by several conveyor units through the cable chain to the spindle head. 

The welding wire is pulled and pushed through this system at the same time, with monitoring 

and controlling units for the feed speed. At the machine spindle, an arm is mounted through 

which the wire is guided into the focus of the laser unit. A sensoring unit keeps track of deflec-

tive motions of the welding arm and aborts the process if a threshold value is reached.  
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4.3 Different Modes of CMB 

As mentioned priory, the CMB process is capable of using welding wire or powdered materials 

as a stock material to create and deposit shapes. Both have different advantages as well as 

disadvantages, which will be briefly explained in the following chapter. 

4.3.1 Wire Feeding CMB 

In general, using wire feeding instead of powder feeding has the advantage of a less hazard-

ous and cleaner, contamination free environment. [BAUF11, p.1146] Furthermore, higher dep-

osition rates can be achieved using wire instead of powder as well as a better resource effi-

ciency concerning material consumption as the powder based processes use only about 30% 

of the material, whereas the wire based processes reach a theoretical material usage of 100%. 

[SYED06, p.1] [KAIE12, p.6] Additionally taking the cheaper raw materials for wire feeding in 

account, this results in a more economical process. [BAUF11, pp.1157] 

The wire material can either be a solid wire (referred to as “Massivdraht”) or a filler wire (re-

ferred to as “Fülldraht”), with added components for a more controlled and stable deposition 

process. [HENS92, pp.40f] Nevertheless, the process stability of the wire-based method in 

general is problematic. The primary challenge here is the positioning of the wire throughout 

the process and changing angles due to a moving tool and workpiece and thus altering feed 

angles. [SYED06, p.5] In most cases the wire is fed under an angle of about 45° and not 

directed into the laser focus coaxially, which has proven to be most feasible. [KAIE12, p.3] 

[HENS92, pp.40f] [SYED06, p.5] Steeper angles cause the wire to collide with the substrate, 

repeatedly causing process disturbances and abortions, whereas shallower angles can lead 

to the lifting of the wire causing misalignments between the laser focus and the tip of the wire 

and thus poor weld seam formation. [SYED05a, p.3] The general setup is illustrated in Figure 

18 and Figure 19. 

 

Figure 18: Machine tool setup and position in 
simulation 

 

Figure 19: Position of wire guiding system and 
laser focus in simulation 
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Best results are achieved using a pulling welding movement, but even small variations in po-

sitioning especially in z-axis have been found to cause process disturbances. 

[SYED05a, pp.7f] [HENS92, pp.40ff] Droplet formation is another important issue for wire-

based processes, since even slight disturbances affect the process. [KIM00, p.2] 

[HENS92, p.43] [KAIE12, p.2] This issue is examined by various studies due to its importance 

concerning process stability and monitoring and control processes have been tested. As a 

main driver, an incorrect z-axis coordinate is identified, respectively the height gain ΔZ (see 

Figure 17) being the most important influencing factor during the process, which can be mon-

itored in situ using a sensoring solution originally developed for laser drilling. [BERT07, p.420] 

[KARU04, p.1660] The corrected height coordinate can then be used for various process con-

trol solutions resulting in a far more stable process. 

There are several studies that claim that wire feeding yields better results than powder feeding. 

Brandl et al. report that using wire instead of powder feedstock leads to higher material quality 

specifically regarding density and reduced contamination of the final part. [BRAN12, p.295] 

Syed et al. conducted research about the comparison of wire and powder feeding in multilayer 

laser cladding applications and reported a much better surface finish in wire based processes. 

[SYED05b, p.519] Furthermore Nowotny et al. claim that by selecting the appropriate process 

parameters and welding strategy, it is possible to achieve tensile and fatigue strengths, which 

are at least equal to the original material. [NOWO07, p.347] 

Nevertheless, the powder based process has other process related advantages which will be 

discussed in the following chapter. 
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4.3.2 Powder Feeding CMB 

A major advantage of the powder based processes is the complete mechanical decoupling of 

the tool from the workpiece. In contrast are the disadvantages of the powder-based process, 

which are the toxicological concern and carcinogenic nature of the powders in use. 

[KAIE12, p.6] In addition powdered materials are a lot more expensive than welding wire. 

[KIM00, p.2] 

The powder flow rate cannot be kept as constant as the wire feeding speed, due to inhomoge-

neous material and varying number, size, and shape of the particles that enter the melt pool. 

This change in powder flow rate and respectively mass flow rate causes irregularities in the 

melt pool and thus in weld seam formation and the shape of the final geometry. 

[SYED05a, p.273] On the other hand, the wire feeding has some other process related disad-

vantages compared to powder feeding applications.  

At low laser output intensities the wire absorbs the laser radiation insufficiently and the absorp-

tion coefficient is changing constantly resulting in a process which is difficult to control. Fur-

thermore, the thickness of the coating has a limited range due to the limited feed rates, the 

machining volume is higher, and the application of robots is not recommendable due to chang-

ing angles in the deposition process and thus changing angles in the wire guiding system. 

Another disadvantage of the wire feeding process is the relatively high dilution of < 20 % com-

pared to the < 5 % of the powder based process. [KAYE12, p.341] 

4.3.3 Simultaneous Wire and Powder Feeding  

Simultaneous wire and powder feeding has not yet been tested for the CMB process, but Syed 

et al. report advantages in surface finish and deposition rates when simultaneously using both 

feeding strategies on a similar machining setup. Since the CMB process is theoretically capa-

ble of using both feeding mechanisms at the same time, this research is mentioned here simply 

for the completeness of content. In their study, a new technique was used feeding wire from a 

lateral nozzle and at the same time powder from a coaxial nozzle directly into the melt pool. 

An increased absorption of energy by the melt pool could be registered, which resulted in an 

increased energy and deposition efficiency and in better surface quality in general. 

[SYED06, p.4808] 
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4.4 Potential Applications of CMB 

The properties of metallic parts produced by AM can be quite different from those produced by 

conventional processes. This is, besides the integration of AM processes into conventional 

process chains, a major barrier to a more widespread adaption of AM processes, since there 

are hardly any standardized tests for AM materials. [WOHL14, p.57] Since materials that are 

processed by CMB can be compared to those used in laser cladding, the valid standards for 

laser cladding could be expanded to the field of CMB and Directed Energy Deposition until 

more specific standards are published. Nevertheless, Directed Energy Deposition methods, 

such as CMB, often exceed the part properties of cast parts. This is due to the rapid solidifica-

tion that results in a more uniform microstructure throughout the part. [WOHL14, p.53] Thus, a 

creation of standards and the introduction of DED parts to critical applications is just a matter 

of time.  

The CMB process can be used for repairing any kind of worn or broken tool or component. It 

can be used to reshape the part to its original shape and furthermore can be used for improving 

the properties by adding layers of material with different properties than the original part. This 

may result in elongated lifespans due to optimized material structure. Due to this, not only the 

repair of components is possible, but also the build-up and modification of new parts. 

A major advantage of the CMB process is the possibility to manufacture functionally graded 

materials and parts. It is not only possible to deposit different layers with different material 

properties but also to have compositional control of material within a single layer. They allow 

for metallic coating and even surface alloying for many materials and applications. Thus the 

creation of functional surfaces is possible, which other AM processes are not capable of. 

[FARA12, p.343] By depositing different materials either simultaneously or successively, ma-

terial and surface properties can be modified locally and tailored to meet even locally limited 

specific demands, such as improved tribological, corrosion, wear, and thermal properties. A 

selective material-additive process has the advantage to create heterogeneous structures 

composed of multi-material regions and with prefabricated devices and geometries embedded 

into the structure with new, very complex designs. The ability to create functional surfaces 

within one single machine setup is unique within additive processes and grants the potential 

for various applications. 

The CMB process is characterized by rapid cooling and solidification of the weld seam which 

make it an excellent means for fabrication of discontinuously reinforced metal matrix compo-

sites, which are advantageous for various applications such as wear surfaces, thermal man-

agement, and structural stiffness. [FARA12, p.343] The excellent material properties of mate-

rials manufactured by CMB in general allow the complete manufacturing of high strength com-

ponents. 

Capello et al. describe a process in which sintered tools are successfully repaired using laser 

cladding by wire. They achieved a layer with good surface bonding and increased hardness 

compared to the original sintered surface, but problems with increasing porosities of the sub-

strate when depositing more than one single layer occurred. [CAPE05, p.999] Similar results 
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were achieved by Leunda et al. who were able to deposit claddings of powder-based vana-

dium-carbide tool steel with satisfactory properties. [LEUN11, p.351] This shows that there is 

still unused potential when it comes to the application of hybrid additive-subtractive manufac-

turing in industrial settings. 

4.4.1 Using CMB for Component Repair and Geometry Build-Up 

The remanufacturing and repair of components has emerged as a promising practice to extend 

the service life of components, and thus not consistently scrapping parts that are costly in 

terms of both energy consumption as well as financial investment. The remanufacturing has 

not only proven to be capable to restore a components original efficiency but even to gain 

properties superior to the original part. An improved performance is thus possible while still 

accurately reconstructing the missing geometry. [WILS14, p.170] 

The repair of damaged parts and tools is currently the most important application of laser beam 

welding and build-up. The primary goal is to restore the original shape and properties of the 

work piece again with the additional capability of improving the structure and properties of the 

part. [NOWO07, p.346] The added machining capabilities which CMB offers even extend the 

applicable fields when it comes to component repair. A number of different scenarios for the 

use of the CMB process in industrial scenarios of component repair are imaginable: 

 The first and most obvious method is to simply replace the worn component. This ap-

proach offers no effort and the lowest risk, but the highest cost. 

 If a component is only marginally worn, the damaged area can often be blended by 

machining to smooth out the irregularity. As long as the part still meets the specifica-

tions, it can be returned to service. 

 If a component is significantly worn, especially if the section is within the tool-workpiece 

interaction zone, material needs to be added to the original part. The CMB process 

offers the capabilities to prepare the worn zone by milling to achieve a defined geomet-

ric shape, consecutively this area can be build-up and milled again to reach final part 

geometry and surface properties. 

Laser deposition welding is used in two ways: the production of parts and the repair of worn 

parts. In the automotive industry, laser cladding has been used for the deposition of material 

onto selected areas of valves, shafts, and other engine components to improve wear and high 

temperature corrosion resistance. Laser cladding also has been used for the repair of jet en-

gine and power turbine machine shafts and blade components. [KIM00, p.299]  

The resultant microstructure consists of well-refined grains due to local melting and rapid cool-

ing. As a result, parts produced by this process usually show an increased strength by 30% 

over parts that were manufactured by casting. 

Since a damaged or worn section on a component can be restored to its original shape selec-

tively this process is applicable for the repair and restoration of components. Another ad-
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vantage of this method is to add specific coatings with defined characteristics to already exist-

ing features and thus creating tailor-made functional surfaces. This can be used to improve 

the tribological performance of engineering products. The capability to create novel materials 

by mixing various elemental raw materials and surface-alloying is unique to these processes. 

[GAO15, p.9] 

As mentioned above, laser cladding and laser assisted Additive Manufacturing have success-

fully been used for the repair of worn or broken tools and components like injection molds, 

casting components, or turbine blade tips in many cases. Often the service life of these tools 

and parts can be increased significantly. [NOWO02][GASS11, p.8] Wilson et al. have demon-

strated that a hybrid laser deposition process for repairing and remanufacturing of defective 

turbine airfoils is even superior to laser cladding due to extensive machining capabilities and 

that it is far more effective and economically feasible than scrapping the respective parts. 

[WILS14, p.174] The problem with purely Additive Manufacturing here is that the process is 

difficult to automate, the thickness of applied material is limited and the parts need re-fixturing 

and multiple machines for finish machining after the cladding has been done. By adding sub-

tractive machining capabilities to the process within the very same machine tool, this problem 

can be overcome and the field of application gets significantly wider. 

Thus, product life cycles can be increased and high investments for replacement tools avoided. 

Even cost intensive parts made of difficultly weldable materials like turbine blades and vanes, 

or complex die casts made of special heat treated tool steel can be repaired with the aid of this 

method. [KAYE12, p.337] 

4.4.2 Using CMB for the Creation of Entire Components 

As mentioned, laser beam welding or laser cladding is capable of near-net-shape manufactur-

ing of complex geometries, with results displaying low porosity, a fine microstructure and no 

cracks. Nevertheless, the process is costly and slow, making it inefficient for high-volume pro-

duction and batches. The same assessment is valid for the CMB process and similar hybrid 

additive-subtractive processes. The incremental build-up and removal of material restrict the 

deposition rates and limit its total efficiency. Thus, such processes are well suited for the cre-

ation of complex low volume structures, the selective addition of features to already existing 

geometries, or the reinforcing and repairing of parts, but not necessarily when it comes to 

creating parts entirely right from start.  
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4.5 Competitors for Hybrid Additive Manufacturing  

During the last couple of years, more and more companies launched so called hybrid additive 

manufacturing systems that combine some kind of additive process with a conventional milling 

process. This technological combination of near-net-shape manufacturing with precision ma-

chining seems very promising, especially for materials that are difficult to machine, 

[WOHL15, p.262] but the results are yet unproven and have not yet been reportedly used in 

mass production.  

4.5.1 Commercial Systems 

The following section provides an overview of the most important machine tool suppliers and 

competitors in the emerging market segment of hybrid additive-subtractive manufacturing. 

DMG Mori Seiki AG, a german-japanese machine tool supplier, introduced the Lasertec 65, 

a hybrid manufacturing system, in 2013. It combines Directed Energy Deposition with 5 axis 

CNC machining. [DMGM15a] DMG claims that their process is up to ten times faster than 

Powder Bed Fusion processes and that it can directly produce parts with properties for final 

applications that do not need further processing. Furthermore they claim to be capable of man-

ufacturing overhanging geometries without using support structures. [DMGM15b] 

Flexible Robotic Environment (FRE Systems), is a US based technology company devel-

oping the VDK6000, a hybrid robotic workcell with 6-axis additive-subtractive manufacturing 

capabilities. Reportedly the VDK6000 allows component repair and creation in one single 

setup. It entails capabilities for laser scanning, subtractive and Additive Manufacturing, ultra-

sonic inspection, as well as grinding, polishing, and drilling. [FLEX15] 

Hermle AG, a machine tool company from southern Germany, developed a process called 

Metal-Powder-Application (MPA) during the last 10 years, and now integrated it into a hybrid 

manufacturing cell. The MPA is a powder based metal spray process that was now integrated 

into one of Hermle’s C-40 five-axis machining centers. Hermle also integrated a special water-

soluble filling material as a support structure to allow the manufacturing of overhangs and hol-

low structures. The whole deposition process is reportedly very quick, reaching up to 200 cm³/h 

making it suitable for big parts and structures. [HERM15] 

Hurco Companies, Inc., an american industrial technology company, filed a patent for an 

Additive Manufacturing adapter that turns a conventional CNC milling machine into a hybrid 

additive manufacturing cell in 2014. This patented manufacturing adapter in combination with 

Hurco’s proprietary control software can be an upgrade to most conventional CNC centers and 

allows additive-subtractive machining without changing the whole machine. [HURC15] 

Hybrid Manufacturing Technologies (HMT), a UK based company, introduced its hybrid ad-

ditive-subtractive process in 2013. It combines five different functions as an upgrade into a 

conventional 5-axis machining center: CNC milling, Directed Energy Deposition, touch probe 

inspection, polishing, and laser marking. HMT claims that their series of heads and docking 
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systems can virtually be integrated into any CN controlled machine. The target sector for HMT 

is repair and remanufacturing of high-value metal parts. [HYBR15] [WOHL14, p.95]  

Maschinenfabrik Arnold GmbH and Fraunhofer IWS developed a hybrid 5-axis machining 

center with a tool head including a 3kW-Nd:YAG laser for cladding applications. The build area 

is shielded with an inert gas chamber and various devices for in-process monitoring are tested. 

This machine tool aims at repairing worn tools and components. The first step is the assess-

ment of the as-is state of the worn component, then the difference in volume and shape be-

tween the original and worn component is calculated and the NC program and tool path are 

developed. Finally the actual repair process is conducted by consecutive weld seam formation 

and a sectionally conducted milling operation. [NOWO02, p.37] [IWS11] 

Matsuura Machinery Corporation, a Japan based company developed a machine tool called 

Lumex Avance 25. It combines metal Powder Bed Fusing and CNC machining. An increased 

dimensional accuracy and optimized surface quality is achieved by executing one surface mill-

ing operation after the built up of ten consecutive layers. [MATS15] 

Optomec, an american machine tool supplier, introduced the LENS Print Engine in 2014. It is 

a modularized version of the LENS technology that was developed already in 1995 at Sandia 

National Laboratories. [GAO15, p.9] It can be integrated into a conventional CNC machine tool 

and in this way it offers a relatively inexpensive way to achieve a full scale operable additive-

subtractive system for metal processing. [OPTO15] 

Sodick Co., Ltd., is a Japanese machine tool manufacturer that released the OPM250L, a 

hybrid milling center in 2014. It combines a 500W Yb-doped fiber laser for laser sintering of 

metal powders with Sodick’s conventional high-speed milling processes, making single-setup 

manufacturing possible. [SODI15] 

Yamazaki Mazak Corporation, a Japan based company, introduced their Hybrid Manufactur-

ing Cell INTEGREX i-400AM in late 2014. It is a fusion of Mazaks established 5-axis subtrac-

tive and laser marking technologies and powder-fed laser cladding heads in one machine. The 

cladding heads are stored in the machines tool magazine, and the automatic tool changer 

loads them into the machines milling turret. The system provides two different laser cladding 

heads. One for high deposition rates and thus high manufacturing speed and one for high 

accuracy, which can be selected according to the requirements. [MAZA15] 

Furthermore Fonon Technologies Corporation as well as RPM Innovations, Inc. an-

nounced plans for launching hybrid systems similar to the ones mentioned above, entailing 

both additive and subtractive machining capabilities. [WOHL15, p.262] Further information and 

details about those systems are not yet available.  
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4.5.2 Processes in Research State 

Additionally to these commercial systems, several universities and research institutes are 

working with laser cladding or welding approaches to building features and complete ready-to-

use parts. Examples of processes that are still in a research state are presented below:  

The University of Nottingham Institute for Materials Technology (UNIMAT) uses cut-and-

stack plates of variable thickness to build-up parts that are afterwards finish machined and 

used in tooling applications. [BEAR07, p.37] 

The Mechanical Engineering Department at the Indian Institute of Technology in Bombay 

is working with a direct fabrication method for metallic tools called ArcHLM – Arc hybrid layered 

manufacturing. The process uses a hybrid combination of synergic gas metal arc welding and 

CNC machining. The solution is based on a conventional milling machine which is upgraded 

with machine-independent welding capabilities. Karunakaran et al. claim that their system has 

the advantage of simultaneous welding and milling as well as much higher deposition rates 

compared to similar hybrid systems. [KARU04, p.1657] [KARU10, p.490] Nevertheless, the 

process is still in research state and has only generated a few prototypes. 

The Institute for Production and Logistics (BIBA) at the University of Bremen uses Elec-

tron beam welded stacked up sheet metal with consecutive layer-by-layer milling. 

[BEAR07, p.37]  

The Institute for Science and Technology at the University of Manchester investigates a 

laser cladding and machining approach for turbine blade repair in cooperation with Rolls 

Royce. [BEAR07, p.37]  

At the Korea Institute of Science and Technology (KIST) a process is developed that pro-

duces bimetallic parts, which is called “3D welding and milling”. It uses gas metal arc welding 

as an additive and conventional milling as a subtractive technique. The process uses two weld 

heads simultaneously, allowing either the deposition of two different materials or of different 

thicknesses. [SONG06, pp.35f] Furthermore, a different approach using the hybrid system to 

machine a thin die-like shell of the required part and filling it with a molten tin-bismuth alloy has 

been tested. [SONG06, p.37] [CHOI01, pp.273f] 

The Lairdside Laser Engineering Centre at the University of Liverpool is working with an 

additive-subtractive cold metal spray technique. [BEAR07, p.37] 

The State Key Lab of Plastic Forming Simulation and Die & Mold Technology at 

Huazhong University of Science and Technology in Wuhan, China, is developing a process 

called HPDM-hybrid plasma deposition and milling using plasma deposition as an additive and 

conventional milling as a subtractive technique. [XION09, p.124] 

The Department of Mechanical Engineering at the National Taiwan University of Science 

and Technology has been investigating a hybrid process combining selective laser cladding 

and milling primarily for repair and modification of a mold. [JENG01, pp.98f]  
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5 Improvements Based on a Process Chain Model 

A big threshold for the economically feasible application of Additive Manufacturing processes 

is the lack of efficient process chains and due to this too low productivity and a bad cost to 

benefit ratio. [3DDR15, p.22] Most process chains concerning AM technology are just limited 

to the creation of CAD data, slicing and the actual production process. [Hoel14, p.75] 

[MEIN06, p.26] Even finishing and reworking of the components is seldom considered in a 

production setting as a whole. With most AM processes being not capable of creating func-

tional surfaces on their own, this is a huge hurdle for the application of AM processes in mass 

production. Another major problem is the characterization of the manufacturing complexity of 

the product at the design stage in order to choose the most appropriate process. Thus, the 

creation of suitable process chains is rather complex but at the same time very promising.  

According to the EU’s SASAM Roadmap, hybrid additive-subtractive manufacturing processes 

and the integration of such into conventional process chains is one of the industry’s most prom-

ising opportunities. [SASA15, p.30] The “Association of German Engineers (VDI)“ is following 

the same line of thought, as they claim that AM processes will only be beneficially applied in 

mass production if whole process chains will be redesigned and a major paradigm shift will 

take place. [VDI14a] 

In general, AM processes require a certain amount of post processing after the build process. 

This may include post curing, surface treatment, support removal, cleaning, thermal treatment 

or infiltration. [WOHL14, p.39] These steps are conducted manually and need a significant 

amount of interaction by the worker and contradict the principles of mass production. With the 

current state of the art it is not unusual that all process steps require manual interactions. 

[VDI14b] These manual interactions and processing steps required in AM processes as they 

are today represent a break with contemporary approaches of serial production in industrial 

settings. This break with current best practice in manufacturing calls for an improved process 

integration and makes this work an important aspect of AM research. [VDI14b, p.14]  

Additive Manufacturing process chains are characterized by a fast and flexible direct produc-

tion approached based on 3D CAD data. Intermediate steps, such as the production of tools 

are not required for the purely additive processes. [VDI14a] Nevertheless, to produce func-

tional parts directly using a hybrid additive-subtractive approach, process chains need to be 

rethought. They must be designed to achieve the desired properties and characteristics. Tools 

need to be included for creating, selecting, operating, and reconfiguring process chains so that 

a quick response to new product demands or changing requirements is possible. 

[BEAR07, p.70] Not only the purely additive steps need to be considered, but also a feasible 

approach for “if and when” to use a subtractive machining step needs to be included in the 

model. Figure 20 suggests a model with a strategy and method for the creation of a functional 

component using Hybrid additive-subtractive processes that takes the aforementioned consid-

erations into account. It is designed with the CMB process in mind but can be applied to any 

kind of additive-subtractive manufacturing process. 
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Figure 20: Model for Hybrid AM processes 

This model is the basis for the integration of a Hybrid AM process into a conventional process 

chain, as it is essential for determining the order of machining steps. The process starts with 

a CAD model that is either the result of the process design stage or of the scanning of a worn 

or broken section of the component. 
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A CAM module converts the 3D information into NC interpretable data, consecutively the 3D 

geometries are sliced and transferred into 2D information, so called layers, which are later 

constructed separately. Most generative methods are not fully 3D capable to generate con-

tours. Instead, they are to be called 2.5D capable, because individual 2D layers are con-

structed and brought into shape, which are stacked on top of each other to achieve a 3D shape. 

A method can only be called fully 3D capable, if it can attach a volumetric element (voxel) to 

any other already existing geometry. [GEBH13, p.21, p.23, pp.27f] 3D capability is a key fea-

ture for processes that are used in hybrid AM systems, since features need to be added to 

geometries, which have priory undergone a certain subtractive process step. 

The 2.5D processes often use support material or structures, which must be removed later. 

Thus, the capability to produce hollow structures and overhanging features is limited. Further-

more, part orientation is far more crucial for the economically feasible application of 2.5D pro-

cesses, which limit for example the chance of applying the process for component repair. Fully 

3D capable processes are not subject to such restrictions and limitations. Nevertheless, they 

are often treated alike, to avoid more complicated slicing and calculations. [GEBH13, p.23] 

These simplifications and other aberrations can lead to a necessary reworking and finishing of 

the component. 

The model describes the further decision routing as the result of the additive near-net-shape 

manufacturing and consecutive face milling and finishing operations, which is based on the 

kind of application. A repair process first needs a contour and surface milling operation in order 

to create a geometrically defined surface on which the layers can then be deposited while a 

normal build-up process does not require this step. 

This routing leads to a direct multi-step process. Since the process does not produce the de-

sired quality directly, it can only be used as a part of a process chain. The final contour and 

the desired surface properties are only achieved after finishing steps, like milling, grinding or 

settlement operations. 

According to ISO 17296-2 there are basically two different kinds of process chains for AM 

manufacturing: single-step and multi-step processes. In single-step processes parts are man-

ufactured in a single operation where the basic geometric shape and basic material properties 

of the intended product are achieved simultaneously. In multi-step processes parts are manu-

factured in two or more operations where the first step typically provides the basic geometric 

shape (near-net-shape-manufacturing) and the following step finishes the shape or consoli-

dates the part to the intended basic material properties. [ISO15] 

Nevertheless, to create functional surfaces and functional parts, depending on the final appli-

cation, a multi-stage process is nearly always needed. Thus, a suggestion for a multi-step 

process chain for a hybrid additive-subtractive process for the creation of a deep-drawing tool 

and the respective conventional process chain is shown in Figure 21. 
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Figure 21: Comparison between conventional process chains for manufacturing of deep draw-
ing tools compared to a new hybrid AM process chain 

Again, 3D data sets are the basis for this process chain, which are either present as a result 

of the component design or as the digitization of a damaged surface. Consecutively, the 3D 

model of the build volume is created and the deposition strategy is determined. Post-proces-

sors then generate the CNC program for the additive as well as for the subtractive machining 

steps. Subsequently the additive and subtractive processes are conducted alternately, without 

re-fixturing or added effort for part positioning or programming as shown in Figure 20. 

The path planning for hybrid AM processes can be thought of as consisting of two components, 

which are interior and exterior path planning. While determining the geometric path and the 

process parameters associated with the path is solved in interior path planning, exterior path 

planning controls the accuracy of the external geometry of the manufactured layer. Thus, ex-

terior path planning involves the use of another tool in order to shape the exterior of a layer to 

a 3D shape instead of the standard 2.5D shape, normally conducted using some kind of cutting 

tool for subtractive machining capabilities. [KULK00, p.28] 

The integration of AM processes into conventional process chains has a major influence on 

upstream and downstream processes. With the inclusion of a hybrid additive-subtractive pro-

cess, the upstream process needs to provide an appropriate pre-product if necessary. Since 

the hybrid AM system allows multiple machining steps in a single setup, this pre-product does 

not require tight tolerances and can be the result of a cheap mass production cycle like any 

kind of casting process. Consecutively the Near-net-shape manufacturing, roughing and fin-

ishing takes place in the very same process without re-fixturing. A last finishing operation like 

grinding of surfaces with high tolerancing or heat treatment might be necessary. 

For simpler geometries or parts with loose tolerances, the whole process chain is condensed 

down to the single additive-subtractive system. This potentially shortens the process chain 

even further, as indicated by the dash-line boxes in the upstream and downstream process. 

The integration of multiple processes into a single process chain is strongly depended on a 

cross-linkage and data exchange between the single machining steps, and thus sensible in-

terfaces for data exchange are absolutely necessary here and a prerequisite to an automated 
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process chain. As Figure 21 indicates, the process chain for a hybrid AM system is drastically 

shortened here and thus an integration of processing steps into a single line is simplified here. 

The pre-product created by the upstream process must comply with the corresponding STL 

and NC files and must simultaneously be passed on together with the physical workpiece of 

the actual process. The construction and machining will now be executed in the very same 

machine and an exchange of information is no longer required across machine interface bor-

ders. It is then followed by a final process for which the NC codes must again be passed on 

together with the component for the last machining steps. 

Figure 22 shows an exemplary application for the aforementioned integration of the CMB pro-

cess into a process chain for the production of a deep drawing tool. 

 

Figure 22: Exemplary application for the integration of CMB into a conventional process chain 
for the manufacturing of a deep drawing tool  

On the top the pre-product for the process is shown. It is a cast part, which is cheap but with 

sufficient surface quality and tolerancing, material properties, and machining allowance for the 

consecutive steps. Following to the right the successive milling and drilling operations are 

shown, which guarantee a defined surface for the consecutive adding of material and for the 

clamping of the component. Next, the build-up of the tool edge on the substrate is shown, 

which is then milled again, to guarantee geometric stability. 

As a last step a finishing operation by grinding or heat treatment might be necessary. This 

approach exploits the advantages of each individual step and thus creates a process chain for 

the integration of the CMB process either for a complete creation or refurbishing of a tool or 
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component. As manual intervention is reduced to an absolute minimum the process chain is 

highly capable of a full automation. Even though the geometric structure which is build-up in 

this example is quite simple, completely different applications are imaginable with far more 

complex shapes and geometries. 

In general, for the feasible application of hybrid AM processes in mass production not only 

process chains and process planning need to be rethought, but also the whole design process 

needs to be changed. Whereas previously products are designed for either being manufac-

tured through addition or subtraction of material it will now be necessary to design products 

specifically for hybrid processes. [KERB11, pp.685-691] 
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6 Experimental Design and Execution 

As the previous chapters illustrate the integration of the CMB process into a process chain for 

the build-up and repair of certain components is promising from a technical as well as from a 

financial viewpoint. The creation of functional surfaces and shapes which are explicitly de-

signed for a particular application case and which have specifically tailored material properties 

yields the potential to significantly increase a components performance and lifetime.  

The CMB process has a wide applicability to many components and processes, but little time 

has been invested to examine the material properties and wear behavior of the deposited lay-

ers. To overcome this problem a case from a real application was chosen to validate the de-

posited material and wear behavior and to create directives for the application of the CMB 

process in certain cases. 

In an earlier work the CMB process was used to create a deep drawing tool for the production 

of flywheel components. This was done as a test trial with unexpected and staggering results. 

The tool originally is a hardened part made of cold-forming steel 1.2379. The damaged area 

was milled to achieve a defined surface and consecutively the tool edge was build-up again 

using a welding wire by Welding Alloys GmbH. The refurbished part was then returned to ser-

vice and has now already reached multiples of its original lifetime without showing significant 

wear. [KLOC15, p.4] This indicates superior material properties created by the CMB process 

and thus implies further investigations. Therefore the same material pairing is created and 

used in tribological tests in order to examine the reasoning for the increased lifetime and to 

reproduce the abrasive wear behavior of the created component. 

6.1 Substrate Material 

As a substrate material, the same stainless steel for cold forming applications was chosen as 

in the application case for the deep drawing tool. It is cold forming steel X155CrVM012 labeled 

as 1.2379. The chemical composition is given in Table 3. 

Table 3: Chemical composition of substrate material 

 

According to DIN EN ISO 15614-7 the thickness of the substrate materials for evaluating laser 

cladding processes has to be 12 mm. All specimens have to be visually tested and tested for 

surface cracks. One sample each has to be taken for hardness tests, macro-section and mi-

croscopic testing. [DIN07] In accordance, the test specimens are designed as discs with a 

diameter of 71 mm and a thickness of 12 mm. A drawing can be found in the appendix. In total 

nine test specimens were created. Three are sent to an external supplier for hardening to 

simulate the original tool from the application case. Three of them are clad using a spiral dep-

osition strategy, and three of them using a parallel deposition strategy. The deposition strate-

Element C Cr Mo Si Mn V

Content 1.60 12.00 0.70 0.25 0.30 1.00
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gies are explained in more detail in chapter 6.3. They are all ground to the same surface qual-

ity, and hardness tests as well as roughness tests are conducted. More detailed information 

on these tests can be found in the appendix.  

6.2 Welding Wire 

In the application case Robotool 58-G was used, a welding wire from Welding Alloys GmbH. 

The same material was used for the cladding of the test specimen. It is X35CrMoTi6-2 and the 

material number is 1.2396. The welding wire has a diameter of 1.2 mm and the chemical com-

position is shown in Table 4. 

Table 4: Chemical composition of welding wire Robotool 58-G according to supplier 

 

Its typical applications are armoring and cladding of components for metal-metal friction wear, 

resistance to moderate impact stress and pressure loads at elevated temperatures. A cross-

sectional view and microscopic recording are given in Figure 23. 

 

Figure 23: Scanning electron microscope recording of Robotool 58-G 

6.3 Deposition Strategy 

The weld seams are deposited using two different deposition strategies. This is done, because 

it is expected that the angularity between the weld seams and the line of force in the tribological 

experiments has a significant influence on the wear track and volumetric material loss. 

Three claddings were created in a continuous spiral, to reduce the influence of burn-in and 

differences in heat input at the starting and ending point of the seam. The inner diameter of 

the spiral was chosen to be 20 mm and the outer diameter 60 mm, starting the deposition on 

the inside moving towards the outside of the discs. 

On the three remaining discs a parallel deposition strategy is used. Parallel weld seams are 

deposited consecutively to create the same pattern as for the spiral deposition. 

Element C Cr Mo Si Mn Ti

Content 0.35 7.00 2.20 0.50 1.20 0.30
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The only difference is that the inner diameter is left out to minimize the influence of tool with-

drawal and starting and aborting the welding process as few times as possible. Figures 24 and 

25 show these two different approaches and exemplary the respective results with starting 

point and turning directions indicated. 

 

Figure 24: Deposition strategy for spiral deposition of weld seams and exemplary specimen 

 

Figure 25: Deposition strategy for parallel deposition of weld seams and exemplary specimen 

The build-up on the test specimen is limited to a single layer, since it is assumed that previously 

deposited and face-milled layers have no significant influence on the bonding and structure of 

consecutive layers. Furthermore, the geometric properties would have been the very same as 

the ground substrate material, thus excluding this influence. 

The created test specimens are examined regarding their wear behavior in a loaded sliding 

movement in order to evaluate the wear behavior and derive information about the application 

case of the deep drawing tool. A detailed description of the test setup is presented in the fol-

lowing chapter. 
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6.4 Tribological Tests 

The tribological tests serve to simulate and examine friction- and wear-procedures during 

loaded sliding movements. The machine used is a TRM 500, produced by WAZAU Mess- und 

Prüfsysteme GmbH. The general machine setup is shown in Figure 26. 

 

Figure 26: Setup of the WAZAU Tribometer TRM 500 

The tests are conducted in a dry environment without lubrication. This is done to simulate the 

same wear conditions as in the application. 

During the test procedure a bearing ball with a diameter of 6.747 mm made of silicium nitride 

(Si3N4) as a stationary specimen is pressed against the front surface of the discs with a defined 

normal force of 250 N. On these discs a single layer of Robotool is built up as mentioned in 

chapter 6.3. Both specimens are arranged vertically, the continuously rotating disc being posi-

tioned above, resulting in a circular sliding path. The normal force is applied through the move-

ment of the motor block via a motor spindle system. A spring situated in the sensor block under 

the linear table is used for absorption of the normal force. 

The drive unit is a servomotor which can be regulated continuously variably between 0.1 and 

6000 min-1. The actual testing device consists of the motor unit, the drive unit and the load 

component. The assemblies are fixed to two vertically positioned bars on top of each other in 

a slideable manner. In the tests the friction radius is set to 15 mm and the rotational speed to 

250 min-1. The testing parameters are chosen in accordance with the Standard test method for 

ball-on flat sliding wear tests issued by the ASTM. [ASTM02]  
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The ASTM issues are used here since there is a general lack of valid standards for the con-

duction and evaluation of wear tests as no other association has issued any publications on 

this topic so far. 

The test time under full load is set to 3600 s, resulting in a total sliding distance of 1411 m, as 

calculated in formula (1). 

𝑑 = 2𝜋𝑟𝑛𝑡   (1) 

Where: 

d = Sliding distance 

r = Wear track radius 

n = Rotational speed 

t = Test time 

Prior to the testing the test specimens are cleaned and dried using isopropanol alcohol to 

remove all kinds of dirt and debris from the surface. During the testing a continuous measuring 

of the normal force, the linear distance, the rotational speed, the sliding coefficient, and the 

friction torque takes place. The displacement is measured between lower and upper specimen 

position and without contact by an optical laser displacement sensor. The active torque is reg-

istered by a torque shaft and the reactive torque is measured by a torque module. All meas-

urement signals are sent to a control cabinet and processed accordingly. The data collection 

is provided by a multifunctional module with a resolution of 16 bit and the software provides a 

measuring frequency of 0.01-100 Hz, which is set to 1 Hz for the tests. The rotational speed is 

registered digitally with a measuring frequency of 4 Hz. The software is used for controlling 

and measurement data recording purposes. [WAZA10] The received data is filtered using a 

periodic Gaussian filter according to DIN EN ISO 16610-21. [DIN13] It is used for closed pro-

files as suggested by Seewig et al. to prevent shortening of the evaluable measuring length 

because of filter running-in and running-out length. [SEEW14, p.439] Additionally the mean 

over all received values is taken and used for the comparison of all test specimens.  

Wear volume is reported only, not wear rate, since there is no reason to assume that wear 

occurs at a constant rate throughout the testing period. Thus, a cross section of the wear track 

of the material removed from the original surface as viewed on a plane normal to the original 

surface and to the direction of the sliding motion is measured. The width of the wear track as 

well as the depth of the wear track is measured at three different positions on the discs. A 

Spherical cap with the same diameter as the bearing ball is fitted into the cavities and used to 

derive the exact area of the cross section of the wear track, according to the following formula. 

𝐴 =  𝑟2 𝑎𝑟𝑐𝑐𝑜𝑠 (1 −  
ℎ

𝑟
) − (𝑟 − ℎ)√2𝑟ℎ − ℎ2  (2) 

Where:  

r = Wear track radius 

h = Height of the spherical cap  
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The total wear volume of the discs, measured in cubic millimeters, is then calculated using the 

following equation according to ASTM G99 [ASTM00]: 

𝑉
𝑡𝑜𝑡𝑎𝑙 = 2𝜋𝑟[𝑑2𝑠𝑖𝑛−1(

𝑤

2𝑑
)−(

𝑤

4
)(4𝑑2−𝑤2)

1
2⁄ ]

  (3) 

Where:  

r = Wear track radius 

w = Wear track width 

d = Radius of the spherical cap 

It is assumed that during the tests there is no significant ball wear, which is a reasonable 

expectation since the material of the ball with a Vickers hardness of HV 1500 is essentially 

harder and significantly more resistant to abrasion and wear than the substrate material as 

well as the deposited material. 

Although the wear rate can change during the course of a test or during the life of a part sub-

jected to wear, in this test only the total lost volume after a set period of sliding is reported, 

since it is of major interest for the respective application as a deep-drawing tool. 

The point during the tests at which this wear loss occurs is of no interest and thus not consid-

ered. 

The testing parameters are kept constant for all test specimens to grant a mutual comparability. 

Figure 27 and Figure 28 show examples of the wear track that is created on a parallel and on 

a spiral deposited test specimen.  

 

Figure 27: Wear track on parallel deposition 

 

Figure 28: Wear track on spiral deposition 

.   
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7 Results and Interpretation 

As Figure 27 and Figure 28 show it is already visible without optical enhancement that the test 

specimens show a different wear behavior. On the parallel deposit a wave like pattern is visible 

which is probably caused by vibrations due to a constant crossing and changing angularity 

between the upper and lower specimen. 

During the sliding motion the roller ball repeatedly crosses the deposited weld seams with an 

alternating angle and it can be assumed that the overlapping pattern of weld seams results in 

a non-uniform surface hardness. This pattern is not visible on the spiral deposit since the roller 

ball follows the weld seams during the sliding motion and thus does not repeatedly cross seg-

ments with changing hardness. The same accounts for the hardened specimen. The non-uni-

form structure of the parallel deposit most likely causes vibrations and an increased wear vol-

ume, which cannot be observed on the parallel and hardened specimens. 

The measurements of the volumetric loss were conducted on an Alicona Infinite Focus, an 

optical 3D micro coordinate system for form and roughness measurement provided by Alicona 

Imaging GmbH. With this setup it is possible to achieve a vertical resolution of up to 10 nm, 

which is suitable to measure the volumetric loss which is expected to be within the micron 

range. 

For each test specimen a number of three topological sections was created, as can exemplary 

be seen in Figure 29. 

 

Figure 29: Topological segments of test specimen: a) hardened specimen b) parallel deposition 
c) spiral deposition 

Noticeable is the fact that for the parallel and spiral deposits a material displacement can 

clearly be seen, whereas this is not observed on the hardened specimen. The wear on the 

hardened specimen seems to be strictly abrasive only and thus indicates a harder surface but 

reduced toughness. The deposited specimen appear to have increased toughness but reduced 

hardness though, since bulging of material to both sides of the wear track can be seen. 

For each of these segments several cross sections were measured and the depth and width 

of the wear track was measured as well as a ball fitting was conducted. This was done with 

the same diameter as the bearing ball to achieve exact results. 
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An example of an originally measured cross sectional area and the respective graphical rep-

resentation is shown in Figure 30. 

 

Figure 30: Measurement of the cross sectional surface area of the wear track 

The aforementioned fitting of the original bearing ball as well as the indications of the measured 

heights and width is shown in Figure 31. Since the aspect ratio in the figure is distorted to make 

the wear track visible, the ball fitting does not appear to be of circular shape here as it in fact 

would be in the undistorted figure. The actually displayed aspect ratio in Figure 31 is 1:17.07. 

 

Figure 31: Measurement of the cross sectional surface area of the wear track with the width, 
height and ball fitting indicated 

The mean over the received values of areal loss was taken for all test specimens and cross 

sectional measurements and the average areal loss calculated accordingly as already men-

tioned and explained earlier. 

As described in Chapter 6.4 the so received average areal loss in the sectional view of the 

wear track was used to calculate the volumetric loss on the whole test specimen. The total 

wear volume is of major interest, since any change in shape in a real application might cause 

process disturbances, quality issues or even complete process abortions, due to a deformed 

component geometry depending on the application. The calculated total volumetric loss is dis-

played in Figure 32. 
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Figure 32: Volumetric loss of the three different test specimen 

The parallel deposition test specimens show by far the highest areal loss of all results. This is 

probably due to the unfavorable alignment of weld seams, which are at some point vertical to 

the line of force during the tribological tests and are thus subject to maximum load changing 

over time when crossing consecutive weld seams. The aforementioned wave-like pattern and 

increased vibrations add to the elevated areal losses. 

This was already indicated due to the line of force and thus the wear track being angular to the 

weld seams. Another indicator is the reduced hardness which can be identified as another 

major influencing factor for the increased material loss and displacement. The spirally depos-

ited layer and the hardened parts show similar results, with test specimen number two being 

slightly out of sequence. 

The hardness tests were conducted according to Vickers as described in DIN EN ISO 6508-1. 

[DIN15] The tests were done on the embedded and polished parts that were used for the 

macro-section and microscopic tests as well. For each test specimen a set of 25 indents was 

taken on a total test track of 25 mm starting at the surface of the embedded part at three 

different positions. Thus, for each specimen a total of 75 measurements was made for which 

the average was calculated at each distance from the surface. This was done to rule out the 

influence of chrome carbides and inhomogeneities in the material and to obtain a reliable hard-

ness profile for each part. The results are shown in Figure 33. 
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Figure 33: Hardness tests for the test specimen according to Vickers 

The dotted lines between the measurement values just indicate trendlines for a better visibility 

and easier understanding of the displayed results and do not represent actually measured 

values. 

The profiles clearly show a superior hardness for the hardened part. The sharp decline in the 

profile at a distance of 2.0 mm from the surface might be caused by a measuring error. Yet, 

the hardened test specimen seems to be only surface hardened and the material seems 

slightly inhomogeneous, indicated by the declining hardness into the material. The parallel and 

spiral part show similar profiles with fairly good surface hardness and also a declining profile 

further into the material. This is expected since partial melting and rapid solidification of the 

substrate material and thus hardening procedures are more distinct close to the part bounda-

ries.  

The fact that the spiral and hardened part show similar hardness profiles is striking and unex-

pected since the test specimen show totally different wear volumes.  

The wear process in the tribological tests is strictly abrasive. The primary factor that influences 

the abrasive wear behavior of a component is the hardness, as it is the resistance to the me-

chanical penetration of the counter-part. Another factor is the roughness. But since all test 

specimens were ground to the same surface roughness, this influencing factor can be ex-
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cluded here. A third influencing factor is the toughness of the material, since any elastic de-

flection prevents direct abrasive wear of the substrate. Since the hardened components show 

an increased wear volume when compared to the spiral deposits but at the same time an 

increased hardness, the reason is probably a reduced toughness and different crystalline 

structure of the material. As Figure 29 shows, the hardened parts show no significant material 

deflection whereas this is clearly observable on the deposited layers. The deflection of material 

might cause a less deep penetration of the roller ball into the material and thus a decreased 

measurable wear. 

Furthermore, in the application case the loading conditions are significantly different from the 

loading conditions that are created during the tribological testing. In the application case sheet 

metal is formed on the tool with polyaxial areal load that is exerting force orthogonal to the 

spirally deposited weld seams. This is the reason why both, spiral and parallel weld seams 

were chosen for the experiments. The spiral weld seams serve to represent the same deposi-

tion strategy as in the application case, whereas the parallel weld seams serve to represent 

the orthogonal line of force. Due to the type of motion in the tribological tests it is not possible 

to create the same wear and load conditions as they are in the tool-workpiece interface in the 

deep drawing tool since it is not possible to create a changing angularity between weld seams 

and line of force with orthogonal strain on the component.  

Figure 34 shows microscopic recordings for the three different test specimen. The recordings 

are done with a 5x magnification and show the substrate material as well as the deposited 

weld seams in a cross sectional view orthogonal to the line of deposition. 

 

Figure 34: Overview of macro-sections for each test specimen 

Already in this relatively low magnification a cavity or shrink whole is clearly visible on the spiral 

deposition. Due to the rapid cooling and solidification of the material the process is generally 

prone to the formation of voids and similar features. Since this cavity is situated directly be-

tween two consecutive weld seams and since it is not in close proximity to the surface its 

influence on the tribological tests is rendered not significant. In general the recordings show a 

uniform and homogenous weld seam formation with an estimated weld seam width of roughly 

1.5 mm.  
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Recordings with a 20x magnification are shown in Figure 35 with the microscopic structure for 

each test specimen clearly visible. 

 

Figure 35: Chrome carbides and line structure for each test specimen 

The light areas indicate the presence of numerous chrome carbides and chrome-iron compo-

site carbides in a martensitic-austenitic matrix. Chrome carbides are expected on a part with a 

chrome content of 12.00 % and the line arrangement is probably caused by the forging of the 

material. Thus, the microstructure shows expected properties. The break-outs are probably 

caused by grinding and polishing of the material, which is necessary for the preparation of the 

test specimen for the microscopic analysis.  

The hardened test specimen appears to be only surface hardened, which would explain the 

increased hardness on the surface due to a mainly martensitic crystalline structure in proximity 

to the surface. The material seems not to be transitioned into austenite and thus an increased 

number of martensitic segments might be left in the crystalline structure. This as well as an 

elevated number of chrome carbides and chrome-iron composite carbides could lead to a lo-

cally increased hardness to maximum values far above the average material hardness and at 

the same time result in a reduced toughness. This indicates that the material might not have 

been tempered. Thus the secondary hardness (Sekundärhärte) was not reached and the ma-

terial does not show the expected properties and is far more brittle than desired. These mate-

rial properties lead to an increased wear during the tribological tests, which limit the obtained 

results comparability. 

Since the hardening of the test specimens was conducted by an external supplier, it cannot be 

examined what exactly happened and which thermal treatment the material has actually un-

dergone. Another possible scenario might be that the crystalline structure was shifted to an 

increased number of martensitic segments due to the mechanical load during the experiments 

and during the grinding process. Thus the correctness is questionable and the results for the 

hardened test specimens have to be left out of the comparison and are not included in the 

results any further. As the microscopic analysis was conducted as the very last step in the 

experiments, the questionable correctness of the hardening process was discovered too late 

to repeat the necessary experiments. Thus a comparability and repeatability of results cannot 

be granted. 

Figure 36 shows the interface zone and the bonding between the weld seams and the sub-

strate material for the parallel and for the spiral deposits. 
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Figure 36: Bonding to the substrate and weld seam substrate transition regions 

The Clad Zone, (CZ) Interface Zone, (IZ) and Heat Affected Zone (HAZ) are clearly visible and 

a good dilution and bonding between the materials is visible. The propagation of the Heat 

Affected Zone is within reasonable limits and does not influence the material properties of the 

substrate within further distance from the surface. In general, an austenitic microstructure with 

transitioning areas into martensitic structures is visible due to the transitioning of the heat in-

fluence of the welding process into the material and rapid cooling during the process. 

Nevertheless, it is reasonable to presume that the tribological tests, as they are described in 

Chapter 6 are only of limited validity and do not serve to simulate wear behavior as it is in the 

tool-workpiece interface in a deep-drawing process. The spiral deposition that was used in the 

application case generates the best results in the testing environment, but the significantly 

increased tool life that could be observed in the application case is not showing in the experi-

ments and the obtained increased lifetime of the tool could not be reproduced. Although the 

spiral deposits show improved wear behavior, the parallel deposits show the highest wear 

volumes. The real tool was deposited in spirals with the line of force being orthogonal to the 

direction of the weld seams. Thus it was presumed, that both deposits would show improved 

tribological properties, which cannot be seen in the tests. 

The wear process in the tests is of strictly abrasive nature without any adhesion, corrosion or 

thermal influence. Furthermore the ball on disc test creates a point load on the test specimen, 

whereas the load in the tool interface in a deep drawing process is distributed across the whole 

area of contact. Additionally, influences of adhesion forces, crystalline structure, local corrosion 

and thermal stress need to be considered as well, which could not be reproduced in the ex-

periments. In conclusion it is shown that complex wear processes can only difficultly be repro-

duced in an experimental environment. 

All the same, the obtained results indicate improved optimized wear characteristics of the de-

posited layers as long as the weld seams are aligning with the line of force in the application. 

Yet, further reasoning cannot be provided at this point.  
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In conclusion, it is recommended for future applications to design the deposition process and 

thus the path programming so that the weld seams are aligning with the direction of force 

during the process for which the part is originally intended.  

Regardless of the limited validity of the tests, the alternative process chain as it is presented 

in Chapter 5 holds the potential for enhanced performance and application of the CMB process 

for the build-up and repair of functional surfaces and features. Thus, optimized tool interfaces 

can be created. Previously the original component needed to be manufactured conventionally 

and required hardening and finishing operations. The obtained tribological results indicate that 

these steps can be exchanged for the CMB process and thus significantly shortening the pro-

cess chain and at the same time improving material properties, geometric builds, and wear 

rates. 

By creating an automated decision routing and process chain for the CMB process with the 

objective of build-up and repair of certain geometries, additional value can be created. Repo-

sitioning, transition between cycles as well as re-fixturing is completely avoided. When used 

for the creation of functional surfaces and shapes which are explicitly designed for the specific 

case and which have accordingly tailored material properties, components with superior ma-

terial properties can easily be manufactured. 

In addition, process chains can be significantly shortened and a highly flexible and fully auto-

mated new process chain is created which can be used for various applications. 
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8 Summary and Outlook 

With the application of the CMB process in the alternative process chain as it is presented in 

Chapter 5, the realization of highly efficient products is possible that are not achievable using 

conventional manufacturing methods or other Additive Manufacturing processes. Especially 

for complex parts, it is likely that a hybrid additive-subtractive system with material removal 

and material deposition capabilities will provide the maximum benefits and flexibility. The single 

machine setup is a revolutionary approach for manufacturing “designed materials and geom-

etries” with properties, functions, and materials that do currently not exist as such. Even with 

the addition of a single upstream and downstream process, the hybrid system as such will yield 

maximum flexibility. 

The main lockout for the broad application of hybrid additive-subtractive manufacturing sys-

tems has been the lack of understanding of their capabilities as well as the investment costs 

due to the high development costs so far. As it was previously shown in this work, a very broad 

applicability is achievable with an automated approach and the demonstrated alternative pro-

cess chain. Furthermore, with many companies recently joining the market of hybrid AM sys-

tems the technologies become more and more economically attractive. The lowering prices of 

machine tools and raw materials will lower the entrance barrier since the offer will increase 

with more entrants and thus reduced prices due to increased competitiveness on the market 

will be achieved. 

Additionally the ongoing and increasing standardization necessarily leads to more and more 

potential applications even for structural or safety critical components and will allow part man-

ufacturing even for applications such as aviation. As was shown in Chapter 4 through a com-

prehensive literature research and market screening, AM processes as they are today are not 

yet, or just to a certain degree capable to produce end-use parts for the mass market.  

This lead to the rethinking of individual processes, process chains and entire production sys-

tems to add features and completely replace others, to allow the efficient use of already avail-

able technology and generate a highly flexible and efficient process chain for a hybrid additive 

subtractive process as it is shown in Chapter 5. This specifically designed process chain will 

help to integrate additive and especially hybrid systems into existing process chains and allows 

the creation of entirely new systems. Regardless of the potential, for a sensible introduction to 

the “mass market” aside from niche applications, some work is still necessary. 

Hybrid additive-subtractive systems have the potential to influence the market permanently 

and change the integration of AM systems in general, but substantial research still needs to 

be conducted to help hybrid systems in gaining broad entrance to the market. First of all, it is 

desirable to create a database with processable materials and the corresponding optimal pro-

cess parameters with regard to the desired geometries and material properties. These param-

eters will have to be determined experimentally.  

After a sufficient data collection, this material process and parameter database can be estab-

lished with the aim of realizing a simplified, precise and stable control of hybrid systems. It is 
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essential for the applicability of powder and wire materials for industrial applications since it is 

economically critical to determine the necessary process parameters for each individual appli-

cation experimentally. But so far, the desired material properties for each individual application 

are achieved through trial and error cases, which requires a huge time-wise effort. The under-

lying physical and chemical metallurgical mechanisms that are responsible for the variation of 

microstructural and mechanical properties should be determined and stored in order to obtain 

a theoretical basis for hybrid AM processes that enable theoretical modelling and simulation. 

Another important issue that will decide upon the success and enforcement of hybrid AM sys-

tems is their price. As it was shown in Chapter 4.5 this problem is likely to be solved in the 

near future, as more and more competitors are entering the market. 

Besides the successful creation of new process chains for the application of hybrid systems 

as described in Chapter 4 and 5, the conducted tests, as they are described in Chapter 6, only 

serve to simulate the real application process to a limited extend. As described in Chapter 7 

the conducted tribological tests have only limited validity when it comes to the simulation of the 

wear processes that are working in the tool-workpiece interface in a deep-drawing process.  

To picture the exact wear behavior of such processes the real application needs to be remod-

eled to evaluate the influence of all substantial parameters. The thermal influence, the crystal-

line structure, the material properties, adhesive and abrasive wear processes, and the different 

load conditions as well as others form a complex matrix of parameters which can hardly be 

evaluated in a testing environment. Even the conduction of other simplified but standardized 

tests with simplified boundary conditions like the “Charpy Impact Test” are likely to yield un-

convincing results. 

A more detailed analysis of the crystalline structure and material properties might give some 

more information about the real processes in the interface zone, but only a remodeling of the 

complete application process will allow the evaluation of all influencing parameters and will 

deliver the necessary results. 

Wear processes are a very complex interdisciplinary topic that is integrating material science, 

metallurgical engineering, mechanical engineering and in this specific case even laser tech-

nology. Significant research and understanding is still required in order to fully understand 

these. 

The theoretical study of the metallurgical, thermodynamical, and kinetical behaviors of the ma-

terial within the melt pool is critical and of particular importance, including the mass transfer 

and fluid flow, crystal nucleation and growth, and melting and mixing behavior of the alloying 

and additive elements, thereby enabling the microstructure to be tailored according to the local 

performance requirements of the component. Due to the numerous influencing parameters as 

well as the general complexity the creation of a respective database for materials and process 

parameters will require a broadly coordinated effort between material and machine tool sup-

pliers as well as research institutes.  
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Regardless of the restricted usability of the obtained tribological results the alternative process 

chain as it is described in Chapter 5 is fully valid and applicable. It enables the manufacturing 

of multi-material structures and heterogeneous objects with specified material properties and 

the creation of functional surfaces within one single setup. This is a unique characteristic not 

only within Additive Manufacturing processes but actually within manufacturing processes and 

setups in general.  

In conclusion, the presented process chain is generally capable of creating diverse structures 

with excellent material properties. 

A detailed model describes the decision routing as the result of the additive near-net-shape 

manufacturing and consecutive face milling and finishing operations as well as the whole pro-

duction chain for a hybrid additive-subtractive process. Thus, enabling the creation and inte-

gration of hybrid AM process chains. 

Nevertheless, for an easy applicability of the process substantial work needs to be done. The 

creation of an extensive parameter and material database will especially be critical here as it 

is essential for hybrid additive-subtractive manufacturing processes to leave the research 

phase and enter the market with a wide choice of applications and the potential to change the 

market of Additive Manufacturing systems and machine tools in general. 
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Figure 37: Drawing of the substrate specimen according to DIN EN ISO 15614-7 [DIN07] 
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Figure 38: Robotool 58-G spiral weld seam on test specimen no. 1 

 

Figure 39: Robotool 58-G spiral weld seam on test specimen no. 2 

 

Figure 40: Robotool 58-G spiral weld seam on test specimen no. 3 
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Figure 41: Robotool 58-G ground spiral weld seam on test specimen no. 1 

 

Figure 42: Robotool 58-G ground spiral weld seam on test specimen no. 2 

 

Figure 43: Robotool 58-G ground spiral weld seam on test specimen no. 3 
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Figure 44: Robotool 58-G parallel weld seam on test specimen no. 1 

 

 

Figure 45: Robotool 58-G parallel weld seam on test specimen no. 2 

 

 

Figure 46: Robotool 58-G parallel weld seam on test specimen no. 3 
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Figure 47: Robotool 58-G ground parallel weld seam on test specimen no. 1 

 

Figure 48: Robotool 58-G ground parallel weld seam on test specimen no. 2 

 

Figure 49: Robotool 58-G ground parallel weld seam on test specimen no. 3 
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Figure 50: Hardened test specimen no. 1 

 

Figure 51: Hardened test specimen no. 2 

 

Figure 52: Hardened test specimen no. 3 
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Figure 53: Surface roughness of hardened test specimen no. 1 
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Figure 54: Surface roughness of hardened test specimen no. 2 
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Figure 55: Surface roughness of hardened test specimen no. 3 
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Figure 56: Surface roughness of spiral deposition test specimen no. 1 
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Figure 57: Surface roughness of spiral deposition test specimen no. 2 
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Figure 58: Surface roughness of spiral deposition test specimen no. 3 
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Figure 59: Surface roughness of parallel deposition test specimen no. 1 
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Figure 60: Surface roughness of parallel deposition test specimen no. 2 
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Figure 61: Surface roughness of parallel deposition test specimen no. 3
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Table 5: References for Figure 11: Cases of AM-processes in an industrial production set-
tingpresented in chapter 3, page 22 

 

No. Short Description Reference

1
Stainless stell turbocharger in the Koenigsegg One:1  

produced through selective laser melting

10 Innovative cars that have 3D printed parts.

Available at:

http://www.complex.com/sports/2014/05/3d-printed-car-parts/koenigsegg-one

2
Suspension mounting bracket for Red Bull Racing 

produced through LENS process by OPTOMEC

Grylls, R. LENS Product Manager, Optomec Inc.Optomec LENS®Laser

Deposition Technology-Integration Platform for Welding Process

Available at:

http://www.optomec.com/news/laser-deposition-technology/integration-platform

3
Pre-series components for luxury sport cars, e.g. intake 

manifolds, cylinder heads produced by Lamborghini

Frost & Sullivan: World Rapid Prototyping Equipment Markets. Frost & Sullivan, 2007

Cevolini, L.: Parts that go on the Final Car. International Conference on Future Industrial

Applications of Additive Fabrication, 2006, Euromold 2006, Frankfurt

4
Assembly assists for series production by 

BMW and Jaguar 

Wohlers Report 2006

Rapid Prototyping and Manufacturing State of the Industry.

Wohlers Associates Inc., 2006

5
Ducati engine produced by Stratasys,Inc. through 

SLM technology

Ducati – Motorcycle maker accelerates engine design with FDM prototyping, Stratasys. 

Available at:

http://www.stratasys.com/resources/case-studies/automotive/ducati

6
Urbee bodywork and car windows were produced 

using AM technology

The "Urbee" 3D-Printed Car: Coast to Coast on 10 Gallons?

Available at:

http://www.truth-out.org/news/item/27430-the-urbee-3d-printed-car

-coast-to-coast-on-10-gallons

7
“Umicar Infinity” participated in World Solar Challenge 

consists of various FDM components

RM car finishes second in World Solar Challenge in Australia.

Available at:

http://www.rm-platform.com/index.php/downloads2/send/2-articles-publications/23-article-rm-

car-finishes-second-in-world-solar-challenge-australias

1

Analysis of the influence of hybrid and classic moulds

on the properties of moulded parts and their

processing parameters showing the advantages of

tool inserts made with DMLS

Godec, D. Sercer, M. Rujnic-Sokele, M. 

Influence of hybrid moulds on moulded parts properties.

Rapid Prototyping Journal Vol. 14, 2008, pp.95-101.

2

Performance enhancements achieved by using novel 

heat sink designs fabricated with Selective Laser 

Melting as compared to conventional pin fin arrays

Wong, M. Tsopanos, S. Suttcliffe, C. Owen, I.

Selective Laser Melting of heat transfer devices.

Rapid Prototyping Journal Vol. 5,  2007, pp.54-60.

3
Automobile deck parts produced using FDM and

RT approaches

Song, Y. Yan, N. Zhang, J. 

Manufacturing of the die of an automobile deck part 

based on rapid prototyping and rapid tooling technology.

Journal of Material Processing Technology, 2002, pp.237–342.

4
Electrical-Discharge Machining of Electrodes with 

a Rapid Tooling Concept 

Meshram, D. Puri, Y.

EDM Electrodes Manufacturing Using Rapid Tooling Concept.

International Journal of Engineering Research and Development

Volume 3, 2012, pp. 58-70

5
Cooling with tool inserts manufactured by

Electron Beam Melting

Rännar, L. Glad, A. Gustafson, C.

Efficient cooling with tool inserts manufactured by electron beam melting

Rapid Prototyping Journal Vol. 13, 2007, pp. 128 - 135

6 Tooling for prototyping of surgical devices

DMRC 2011 – Thinking ahead the future of additive manufacturing – 

analysis of promising industries.

Dr. I. J. Gausemeier, et.al., Heinz Nixdorf Institute, 

by order of Direct Manufacturing Research Center (DMRC), 2011

1
Hard tissue lumbar implants made with

Stereolithography for vertebral fixation

Goffin, J.

Three dimensional computed tomography-based, personalized drill

guide for posterior cervical stabilization at C1-C2. Spine Vol. 26, 2010, pp.1343-1347

2

The Adler Ortho Group launched the CE-certified

Fixa Ti-Por acetabular cup in 2007,and more than

2000 of these have been implanted

Reimaging implants

Availabel at:

http://www.micromanufacturing.com/content/electron-beam-melting-serves-implants

3

The Walter Reed Army Medical Center has produced

and implanted more than 40 cranio-maxillofacial

implants produced from Ti-6Al-4V

Additive Manufacturing - Technologie roadmap for australia, 

Created by Wohlers Associates, Inc. wohlersassociates.com, March 2011,

http://3dprintingexpo.org/wp-content/uploads/Additive-Manufacturing-

Technology-Roadmap-CSIRO-2011.pdf

4

Medical research company Organovo makes 

functional human tissues using three dimensional 

“bio printing” technology

How to explore the potential and avoid the risks of additive manufacturing,

Mayer-Brown Report, 2013

Available at: https://www.mayerbrown.com/files/uploads/Documents/PDFs/

2013/June/Three-Dimensional -Thinking-Brochure_Additive-Manufacturing.pdf

5

The Envision TEC e-Shell200 series material is used

in the Hearing Aid industries and is used on all 

Perfactory® and Vanquish® hearing-aid-systems

Envisiontec e-shell 200 series

Available at:

http://detekt.com.tw/download/envisiontec/5/envisionTEC%20%20e-Shell%20200.pdf

1
GKN Aerospace uses a powder bed fusion process to 

build topologically  optimized structural Ti-alloy parts

GKN Aerospace - Additive Manufcaturing:

Available at:

http://www.gkn.com/aerospace/media/resources/Presentations/Additive-Manufacturing.pdf

2

GE Aviation produces Fuel nozzles for its LEAP 

engine using AM processes and is planning to

reach 40k parts a year

CFM LEAP: The worlds fastest selling engine:

Available at:

http://www.geaviation.com/manufacturing/CFM-LEAP.html

3
MTU Aero uses EOS technology for production of

nickel alloy borescope bosses for Airbus A320neo

Germany's MTU Aero Engines using 3D printing technology for production: 

Available at:

http://inside3dprinting.com/germanys-mtu-aero-engines-using-3d-printing-technology-

for-production/?utm_source=Daily%203D%20Printing%20News&utm_campaign

=45afdd1ffcatest_3D_Printing_News_07_30_2015_7_29_2015&utm_medium=

email&utm_term=0_861dc04374-45afdd1ffc-232851397 

4

Boeing uses laser sintering for production of 

environmental control ducting for fighter jets 

as well as for the commercial 787

Additive Manufacturing - Technologie roadmap for australia, 

Created by Wohlers Associates, Inc. wohlersassociates.com, March 2011.

Available at:

http://3dprintingexpo.org/wp-content/uploads/Additive-Manufacturing-Technology-

Roadmap-CSIRO-2011.pdf

5
Airbus A350 XWB includes over 1000 additively 

manufactured components

Airbus had 1,000 parts 3D printed to meet deadline

Available at:

http://www.bbc.com/news/technology-32597809

6
Royal Air Force Eurofighter Typhoon fighter uses

parts produced through AM processes

The 3D printer revolution comes to the IAF

Available at:

http://www.ynetnews.com/articles/0,7340,L-4684682,00.html

Automobile Applications

Tooling Applications

Biomedical Applications

Aerospace Applications
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