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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

For the successful production of high quality parts by selective laser melting, various process steps are required. Besides the SLM 
process itself, different pre- and rework steps are needed to produce a final component. Therefore, the first part of this paper 
presents a concept of a standardized process chain for carrying out the necessary planning and production procedures. For this 
purpose, the CAD-model is enriched with information regarding support structures, the desired surface quality and the position of 
tooling points. Since major steps in the reworking procedure are the removal of residual powder, the removal of support structures 
and the finishing operations for functional component surfaces, selected experimental results concerning these steps are presented 
in the second part of the paper. Based on the result, recommendations for the design of support structures are given. 
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1. Introduction and state of the art 

The technology of additive manufacturing (AM) offers high potentials in the area of resource-efficient production 
of complex components, especially for expensive materials and small batch sizes. Furthermore, AM is particularly 
suitable for the production of topologically optimized lightweight components or for components with a high degree 
of functional integration [1], [2]. Due to the wide geometric design freedom, optimized lightweight structures can be 
produced with a weight saving of up to 80% [3]. The annually market growth of additive manufacturing has been more 
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than 20% in recent years [4]. Considering metal components, powder-bed-based processes, particularly selective laser 
melting (SLM), offer the highest potential [5].  

However, there are some challenges to the mentioned benefits. First, the obtained surface roughness after SLM 
exceeds in many cases given tolerances. Second, the SLM process requires support structures to connect the 
component to the building platform and to prevent possible residual stress induced distortion during the building 
process [6]. Consequently, post-processing procedures are necessary. These procedures include for example 
unstitching from the building platform, removal of powder scraps in the support structures, removal of the support 
structures itself and machining of functional surfaces to achieve the desired surface qualities and dimensional accuracy 
[7]. The costs for all the post-processing steps can significantly exceed the costs of the actual additive production [8], 
[9]. To reduce the total manufacturing costs resulting from the different post-processing steps, an integrated and 
standardized process chain is required [10]. Due to the fundamentally different planning processes and technological 
boundary conditions in additive and metal-cutting production, the compatibility between the different planning steps 
is considered low [11]. Furthermore, the necessary information flows between the different process steps, from product 
design to quality assurance, are currently not defined [12]. In order to overcome these challenges, the first part of the 
article presents an approach of a standardized digital process chain. The second part gives a more detailed view on 
post-processing of the component’s support structures. Here, the powder removability and the machinability are 
investigated. Based on the results, recommendations for the selection of suitable structure variants are given.  

2. Concept for a standardized digital process chain  

As mentioned above, the fundamental differences in planning of additive manufacturing processes and conventional 
machining processes require different software environments and, thus, different data types. This results in 
incompatibilities in the flow of information  between the process steps. Figure 1 presents a concept for a standardized 
process chain including the definition of the generally needed information flows and interchanges during the 
component manufacturing. The process chain is divided into three main steps: First, the product development, where 
all activities concerning the component design and further steps, like the topology optimization, take place. Second, 
the AM process, which includes all necessary operations regarding the SLM process. Third, the finishing, which 
encompasses all conventional machining activities and quality assurance. In order to enable interactions between the 
mentioned steps, two closed feedback loops are defined. The inner feedback loop (shown in blue) returns information 
from the process planning of the additive manufacturing process to the design phase. This information includes for 
example geometric data on support structures and necessary stock allowances for the compensation of workpiece 
distortions caused by the AM process. The outer feedback loop (shown in red) handles for example information 
regarding the clamping of the workpiece in machining. Furthermore, guidelines from quality assurance are returned 
to the design phase. A central element of this concept is an enriched CAD-model, which acts as an information carrier. 
For this purpose, the information from the different planning steps are stored in the geometric features of the CAD-
model. To ensure a maximum compatibility over different software systems that are used along the whole planning 
chain, the CAD-model is stored in the common STEP format. The information is stored as an attribute in terms of a 
string and defined in a lookup-table attached to the STEP-data. Since several interactions between the process steps 
exist, e.g. position changes of tooling points, or different stock allowances for different metal-cutting processes, several 
passes through this planning procedure may be necessary. An example of an enriched CAD-model is shown in Figure 
1. In this example, geometry relevant information is stored and visualized by different surface colors after a first 
iteration through the inner information loop, where necessary support structure have been defined. The presented 
digital process chain allows planning of near-net-shape semi-finished products under consideration of the required 
post-processing steps. However, the successful implementation of the planning procedure requires technological 
knowledge, e.g. on the influence of the support structure design on their machinability, suitable positions for tooling 
points or the necessary stock allowance for machining operations. In the following, effects of the support structure 
design on the post processing operations powder removal and machining are presented.   
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than 20% in recent years [4]. Considering metal components, powder-bed-based processes, particularly selective laser 
melting (SLM), offer the highest potential [5].  

However, there are some challenges to the mentioned benefits. First, the obtained surface roughness after SLM 
exceeds in many cases given tolerances. Second, the SLM process requires support structures to connect the 
component to the building platform and to prevent possible residual stress induced distortion during the building 
process [6]. Consequently, post-processing procedures are necessary. These procedures include for example 
unstitching from the building platform, removal of powder scraps in the support structures, removal of the support 
structures itself and machining of functional surfaces to achieve the desired surface qualities and dimensional accuracy 
[7]. The costs for all the post-processing steps can significantly exceed the costs of the actual additive production [8], 
[9]. To reduce the total manufacturing costs resulting from the different post-processing steps, an integrated and 
standardized process chain is required [10]. Due to the fundamentally different planning processes and technological 
boundary conditions in additive and metal-cutting production, the compatibility between the different planning steps 
is considered low [11]. Furthermore, the necessary information flows between the different process steps, from product 
design to quality assurance, are currently not defined [12]. In order to overcome these challenges, the first part of the 
article presents an approach of a standardized digital process chain. The second part gives a more detailed view on 
post-processing of the component’s support structures. Here, the powder removability and the machinability are 
investigated. Based on the results, recommendations for the selection of suitable structure variants are given.  

2. Concept for a standardized digital process chain  

As mentioned above, the fundamental differences in planning of additive manufacturing processes and conventional 
machining processes require different software environments and, thus, different data types. This results in 
incompatibilities in the flow of information  between the process steps. Figure 1 presents a concept for a standardized 
process chain including the definition of the generally needed information flows and interchanges during the 
component manufacturing. The process chain is divided into three main steps: First, the product development, where 
all activities concerning the component design and further steps, like the topology optimization, take place. Second, 
the AM process, which includes all necessary operations regarding the SLM process. Third, the finishing, which 
encompasses all conventional machining activities and quality assurance. In order to enable interactions between the 
mentioned steps, two closed feedback loops are defined. The inner feedback loop (shown in blue) returns information 
from the process planning of the additive manufacturing process to the design phase. This information includes for 
example geometric data on support structures and necessary stock allowances for the compensation of workpiece 
distortions caused by the AM process. The outer feedback loop (shown in red) handles for example information 
regarding the clamping of the workpiece in machining. Furthermore, guidelines from quality assurance are returned 
to the design phase. A central element of this concept is an enriched CAD-model, which acts as an information carrier. 
For this purpose, the information from the different planning steps are stored in the geometric features of the CAD-
model. To ensure a maximum compatibility over different software systems that are used along the whole planning 
chain, the CAD-model is stored in the common STEP format. The information is stored as an attribute in terms of a 
string and defined in a lookup-table attached to the STEP-data. Since several interactions between the process steps 
exist, e.g. position changes of tooling points, or different stock allowances for different metal-cutting processes, several 
passes through this planning procedure may be necessary. An example of an enriched CAD-model is shown in Figure 
1. In this example, geometry relevant information is stored and visualized by different surface colors after a first 
iteration through the inner information loop, where necessary support structure have been defined. The presented 
digital process chain allows planning of near-net-shape semi-finished products under consideration of the required 
post-processing steps. However, the successful implementation of the planning procedure requires technological 
knowledge, e.g. on the influence of the support structure design on their machinability, suitable positions for tooling 
points or the necessary stock allowance for machining operations. In the following, effects of the support structure 
design on the post processing operations powder removal and machining are presented.   
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Figure 1: Concept for a standardized process chain based on an enriched CAD-model 

3. Material usage and powder removability for TiAl6V4 support structures 

Due to the delicate geometries of support structures, powder scraps last between these structure elements after the 
SLM process is finished. The residual powder leads to environmental contamination on the one hand. On the other 
hand, powder scraps can be molten up during the subsequent tempering process, which is generally carried out before 
the component is removed from the building platform. In this case, the molten powder scraps can connect to the 
component. Thus, the residual powder must be removed before the post-processing takes place. To understand the 
influence of different types of support geometries on the powder removability, the experimental procedure shown in 
Figure 2 was carried out.  

 

Figure 2: Procedure of material usage experiment 

After the additive manufacturing process of the specimens, the majority of the powder was removed with a brush. 
Then the platform with the specimens was tilted into a vertical orientation. To remove more powder and simulate the 
standard platform-removal procedure, the platform was knocked off lightly with a plastic mallet fifteen times and then 
rotated 90° in the horizontal plane. Afterwards these steps of dusting down and rotating were repeated three times. 
Hereinafter, the specimens were removed from the platform and weighed one by one (weighing after test procedure). 
In the next step, the remaining powder was removed and the samples are weighed again. Finally, the mean weights of 
the specimen masses were compared to the mean values of reference samples. Subsequently, the removability of the 
inboard powder was evaluated and indicated by a powder removability factor (PRF), which was defined as the ratio 
of the calculated weights of the support structure and residual powder at the two measurement stages. A PRF of 1 
indicates that all powder could be removed during the tapping procedure. 

To evaluate the differences in powder removability, cubes of five different support geometry types were 
manufactured and handled according to the experimental procedure described above. These support structures were 
printed on a SLM Solutions 500HL machine with a layer thickness of 60 µm, a Laser Power of 80 W and a scanning 
velocity of 400 mm/s. The used powder was a spherical, gas atomized TiAl6V4 powder with an average particle size 
of 37.4 µm. Afterwards the supports were removed and the contact surfaces smoothened with a file. Then the mean 
value of the total weights of these parts was determined.  
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With the aim to detect differences of 1 g between the test series, the required sample size n was set to 5. The mean 
value for the total weight of the cube without support structures (see Figure 3) of 16.45 g was set as reference. The 
structures used for the material usage test series are shown in Figure 3 on the right hand side. The support geometry 1 
is designed with fragmentation, which should enable a sufficient powder removability. The pen support variant 2 
combines a higher bending stiffness with a good support and powder removability. Because of the H-profile of the 
outer struts of the geometry 3, detachment between them and the components ought to be avoided and the thicker 
beams of the perforation of this geometry have more stability. The geometry 4 consists of a very strongly perforated 
block support structure (beam width: 0.4 mm, angle: 60°, height: 1 mm, solid height: 3 mm). Also, conventional 
supports with standard support parameters (geometry 5) were investigated within the experiments (fragmentation: x-
interval = y-interval = 2.5 mm, separation width = 0.2 mm; perforations beam = 0.6 mm, angle = 60°, height = 1.0 
mm, solid height = 3.0 mm, separation width = 0.2 mm). The diagram on the left hand side of Figure 3 summarizes 
the calculated weights of the support structures. It can be seen that geometries 2 and 3 present the smallest differences 
in weight and therefore the lowest amount of residual powder located between the support structure elements. 
Consequently, taking into account only the powder removability, these two structure variants are recommended. 

 
 
 
 
 
 
 
 
 
 

 

 

Figure 3: Weights of the support structures and powder removability factor 

However, during the experiments it could be observed that the structures not only need to have a certain bending 
stiffness to withstand the forces of the re-coater, they also have to prevent warpage in the XY plane. Figure 4 illustrates 
exemplarily the effect at the upper corner of the geometries 2 and 4. 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 4: Defects due to insufficient bending stiffness of support structures 

Based on the presented results, it can be derived that a high degree of perforation as well as a high degree of 
fragmentation is recommended to ensure that only a small amount of residual powder is left between the support 
structure elements after the SLM process. However, the warpage of the structure has to be considered, too. If the 
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selected structure causes warpage in the upper transition zone, it is not suitable for the process with the selected 
material type, layer thickness and laser power. Taking this type of defect into account, it can be concluded that 
structure 3 is the most suitable compromise in terms of powder removability, weight and material consumption and 
stiffness in the bending zone for the investigated material. 

4. Support structure removal by machine tool 

A central element of a standardized process chain is an automated removal of support structures by a machine tool. 
However, support structures are mostly removed by hand currently. Thus, only little knowledge exists about process 
forces as well as surface qualities that can be achieved on functional surfaces. To gain further insight, four different 
support structure geometries from Inconel 718 were produced and machined. The investigated support structure 
variants are depicted in Figure 5. Based on the results presented in the chapter above, the structures were designed 
with different levels of fragmentation and perforation. Structure A has a high degree of perforation in the outer contour 
and bars inside the contour cage. Structure B has a similar high level of perforation on the outer cage, but consists of 
fragmented grid geometry in the cross section instead of bars. Structure C is very similar to structure A, but has less 
perforation in the outer contour. Structure D consists only of bars. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5: Support structures for machining experiments 

Machining was carried out in two different ways. On the one hand, only support structures were machined. Here, 
general knowledge about the machinability in terms of the material separating behavior of the structures should be 
gained. In addition, the influence of the structure geometry on the process forces during removal was also investigated 
to consider resulting tool- and machine loads. On the other hand, the machining of these support structures was 
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rate was varied in four steps between 0.025 and 0.1 mm. First, the results after machining the structures without 
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selected structure causes warpage in the upper transition zone, it is not suitable for the process with the selected 
material type, layer thickness and laser power. Taking this type of defect into account, it can be concluded that 
structure 3 is the most suitable compromise in terms of powder removability, weight and material consumption and 
stiffness in the bending zone for the investigated material. 
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perforation in the outer contour. Structure D consists only of bars. 
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dimensional fluctuations in the range of more than 0.5 mm on the flanks of the additive manufactured blanks, which 
lead to strong deviations from the desired finishing allowance. 

Still, the results indicate that a combination of structure removal and finishing in a joint operation is not advisable. 
The removal of a defined finishing stock cannot be guaranteed due to the variations in stock allowance. Instead, an 
allowance of about 1 mm is recommended on functional surfaces, which is then reduced to a defined finishing 
allowance in an additional pre-finishing operation that can be combined with the support structure removal. In this 
way, machining with defined cutting depths can be ensured in the finishing operation that takes place afterwards. To 
sum up the gained findings, it can be said that support structure B offers the best compromise between machinability 
and process forces and is therefore recommended from a machining perspective.  

5. Conclusion and Outlook 

In this article, a new approach for a standardized process chain of additive manufacturing and subsequent machining 
was presented. First, a concept of a standardized process chain for carrying out the necessary planning and production 
procedures was introduced. For this purpose, the CAD-model is enriched with information regarding support 
structures, the desired surface quality and the position of tooling points. A holistic CAD-model that is enriched with 
the results of these different planning steps ensures the compatibility between the different software environments, 
that are used in planning additive manufacturing- and conventional machining processes. 
Since major steps in the reworking procedure are the removal of residual powder, the removal of support structures and the finishing 
operations for functional component surfaces, results of experimental investigations of these aspects were highlighted in the second 
part of the article. Based on these investigations, it can be concluded that the selection of the best possible support 
structure should not only take into account the stability and process time during the SLM process itself, but also the 
influence that the structures have on the rework processing steps. 

The findings presented in this paper have been obtained using simple analogy processes and components. In the 
near future, the transferability of these findings to a complex free-form component will be evaluated. Furthermore, 
research activities in the near future will focus on the development of mathematical algorithms to define suitable 
tooling points based on a geometrical analysis of the components shape. All necessary information about these tooling 
points will then be stored in the STEP based enriched CAD model. 
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